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Summary
Diets affect health, positively as well as negatively, throughout people’s lives. Sev-
eral countries have developed Food-Based Dietary Guidelines (FBDGs) to guide the
population on healthy dietary patterns. The Danish food authorities have published
ten guidelines that suggest, for example, that one should eat more fish, less satu-
rated fat, and choose whole grains. The guideline regarding fish is more specific,
recommending an intake of 350 g of fish per week, of which 200 g should be fatty
fish. However, national guidelines seem to have limited effect on dietary changes, and
thus complementary and alternative ways to provide dietary guidance to individuals
are relevant.
Recent research suggests that personalized dietary recommendations are more
effective on behavioral change than population-based advice. Personalized advice
can account for an individual’s preferences, needs, beliefs, behaviors, and objectives,
whereby they may be perceived as more relevant, motivational, and achievable by
the individual. The aim of this thesis was to develop methods for generating food-
based personalized dietary advice. We applied mathematical optimization techniques
to account for individual food consumption preferences and beneficial and adverse
effects of specific food intakes, using fish in Denmark as a case study.
Mathematical optimization involves finding the minimum of an objective function
subject to a set of constraints. In this thesis, we developed a Quadratic Program-
ming (QP) model that accounts for personal preference by minimizing the deviation
from observed individual intake. To account for potential beneficial and adverse
effects of fish consumption, we defined constrains in terms of minimal nutrient re-
quirements and maximum contaminant levels. The model constraints ensure that
the generated fish intake advice meets recommendations for Eicosapentaenoic Acid
(EPA), Docosahexaenoic Acid (DHA), and vitamin D without violating tolerable in-
take recommendations for methyl mercury, dioxins, and dioxin-like Polychlorinated
Biphenyls (dl-PCBs). Since other sources than fish may provide these nutrients and
contaminants, the model constraints were adjusted according to such background
exposure. We also expanded the model to account for cost of fish by minimizing
deviation from personal preference and cost simultaneously, with different relative
importance of the cost and the preference. This approach enables the generation of
individual optimal trade-off curves between deviation from personal fish preference
and cost of fish.
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The QP model was applied to generate personalized fish intake recommendations
for 3016 Danish adults, whose current fish intakes and body weights were recorded in
a national dietary survey. About half of the individuals in the study population had
an observed intake lower than the nutrient constraints allowed. These individuals
should be recommended to increase their fish intake. Few individuals, just 2%, had
an observed fish intake that exceeded the contaminant constraints and should be rec-
ommended to decrease fish intake. The remaining individuals had an observed fish
intake that fulfilled the recommendations for the nutrients and contaminants, and
should therefore be suggested to maintain their current fish consumption. The per-
sonalized fish intake recommendations were sensitive to the variation in background
exposure to the nutrients and contaminants. Hence, including individual intake data
for background exposure is important for generating the best recommendations. On
the basis of nutrients and contaminants included in the model, the Danish offi-
cial recommendation for fish is expected to be healthy and not harmful. However,
our results also suggest that this recommendation for fish requires larger behavior
changes than necessary, in order for the individuals to meet the recommendations
for EPA+DHA and vitamin D.
Personal optimal trade-off curves between preference and cost of fish intake were
generated for the individuals in the study population. These show trade-off curves
how much the individuals have to deviate from fish intake preference in order to
reduce the cost. When only minimizing the cost, the vast majority of the study
population should be recommended to only consume herring. This is an unrealistic
recommendation for several reasons, and this result indicates how the model may
generate unrealistic results when current dietary patterns are not considered.
Thanks to the multidimensional property of optimization techniques, the mod-
els developed in this thesis can integrate information on health related limit values
to generate personalized dietary fish intake recommendations that deviate as lit-
tle as possible from individual observed fish intake. Such recommendations may be
perceived as more acceptable by individuals as compared to advice that deviates
more from personal preferences, which may increase the compliance to the recom-
mendations. Furthermore, it may be appropriate to expand the model to minimize
the deviation from preference and cost simultaneously, since both factors may affect
consumer’s choice. However, further investigation on the relative importance of the
cost is needed, as this is a subjective consumer choice.
The models can be applied for other or additional foods than fish, or whole diets
if desired. The models can be expanded to include constraints based on evidence on
health effects associated with the whole foods, in addition to constraints on nutrients
and contaminant recommendations. In the future, the methods of this thesis can be
applied in the personal communication of healthy and safe food recommendations
that fit the preferences of individual consumers. Applications in real-life settings re-
quire further research, in terms of implementation of the models, communication of
the advice, and follow-up. The models may also be useful for providing evidence for
the development of population-based FBDGs, especially regarding consumer accept-
ability. A future challenge is to extend the models to include additional dimensions
of diet sustainability, such as environmental impact.
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Sammendrag
Kosten p˚avirker sundheden, positivt s˚avel som negativt, gennem hele livet. Flere
lande har udviklet kostr˚ad for at guide befolkningen mod sunde kostmønstre. De
danske fødevaremyndigheder har udgivet ti kostanbefalinger, som for eksempel viser,
at man skal spise mere fisk, mindre mættet fedt og vælge fuldkorn. Kostr˚adene for
fisk er mere specifikke og anbefaler et indtag p˚a 350 g fisk om ugen, hvoraf 200 g
skal være fra fede fisk. Nationale kostr˚ad synes dog at have begrænset virkning p˚a
hvad folk spiser, og derfor kan individuel kostvejledning være et brugbart alternativ.
Nyere forskning peger p˚a, at personlige kostr˚ad p˚avirker ændringer i adfærd
p˚a en bedre m˚ade end generelle kostr˚ad rettet mod hele befolkningen. Personlige
kostr˚ad kan tage højde for individelle præferencer, behov, overbevisninger, adfærd
og m˚al, hvorved de kan opfattes som mere relevante, motiverende og opn˚aelige for
den enkelte. Form˚alet med denne afhandling var at udvikle metoder til at genere
personlig kostr˚adgivning. I afhandlingen er der i anvendt matematiske optimering-
steknikker for at tage højde for individuelle fødevareindtagspræferencer samt gavn-
lige og negative effekter af specifikke fødevareindtag. Fiskeindtaget i Danmark er
valgt som model.
Matematisk optimering indebærer at finde minimum af en objektiv funktion, som
er underlagt et sæt begrænsninger. I denne afhandling udviklede vi en Kvadratisk
Programmeringsmodel (QP), der tager højde for personlig præference ved at min-
imere afvigelsen fra det observerede individuelle indtag. For at tage højde for po-
tentielle gavnlige og negative virkninger af fiskeindtaget definerede vi begrænsninger
med hensyn til minimale næringsstofkrav og maksimale forureningsniveauer. Model-
begrænsningerne sikrer, at de opn˚aede r˚ad til fiskeindtaget opfylder anbefalingerne
for Eicosapentaensyre (EPA), Docosahexaensyre (DHA) og D-vitamin uden at over-
skride det tolerable indtag for methylkviksølv, dioxiner og dioxin-lignende Polychlor-
erede Biphenyler (dl-PCB’er). Da disse næringsstoffer og forureninger kan komme
fra andre kilder end fisk blev modelbegrænsningerne justeret i overensstemmelse
med baggrundseksponeringen. Vi har ogs˚a udvidet modellen til at tage højde for
omkostningerne ved fisk ved at minimere afvigelse fra personlige præferencer og
omkostninger med inddragelse af forskellige omkostnings- og præferencescenarier.
Dette gør det muligt at opn˚a en individuel og optimal balance mellem afvigelser fra
personlig fiskepræference og udgifterne ved at købe fisk.
QP-modellen blev anvendt til at generere personlige anbefalinger for fiskeind-
tag til 3016 voksne danskere, hvis nuværende fiskeindtag og kropsvægt er reg-
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istreret i en national kostundersøgelse. Omkring halvdelen af individerne i un-
dersøgelsespopulationen havde et observeret indtag lavere end de næringsstofbe-
grænsninger, som var tilladt i vores model. Disse personer bør anbefales at øge
deres fiskeindtag. F˚a personer (2%) havde et observeret fiskeindtag, der betød at de
oversteg det tolerable indtag af forureninger og de bør anbefales at reducere fiskeind-
taget. De resterende personer havde et fiskeindtag, der opfyldte anbefalingerne for
næringsstoffer og forureninger, og bør derfor foresl˚as at opretholde deres nuværende
fiskeindtag. De opn˚aede anbefalinger for fiskeindtag var følsomme over for varia-
tion i baggrundseksponering for næringsstoffer og forureninger, hvilket understeger
vigtigheden af at inkludere baggrundseksponeringen for at opn˚a de bedste individu-
elle anbefalinger. P˚a baggrund af de næringsstoffer og forureninger, der indg˚ar i
modellen, vurderes de danske kostr˚ad for fisk at være sundhedsmæssig forsvarlige.
Vores resultater tyder dog p˚a, at den danske anbefaling for fisk kræver større ad-
færdsændringer end nødvendigt, for at den enkelte kan opfylde anbefalingerne for
EPA+DHA og D-vitamin.
De personlige og optimale trade-off kurver mellem præferencer og udgifterne til
fiskeindtag, viser, hvor meget individerne skal afvige fra deres fiskeindtagspræference
for at reducere udgifterne. N˚ar man kun minimerer omkostningerne, bør majoriteten
i undersøgelsespopulationen anbefales kun at spise sild. Dette er en urealistisk an-
befaling af flere grunde, og dette resultat indikerer, hvordan modellen kan generere
urealistiske resultater, n˚ar de nuværende kostmønstre ikke overvejes.
Takket være det multidimensionale aspekt ved optimeringsteknikker, kan mod-
ellerne udviklet i denne afhandling integrere information om sundhedsrelaterede
grænseværdier med fiskeindtag, der afviger s˚a lidt som muligt fra individets nu-
værende fiskeindtag. Anbefalinger opn˚aet p˚a denne m˚ade kan opfattes som mere
acceptable af enkeltpersoner sammenlignet med mere generelle anbefalinger, og
derved øge overholdelsen af anbefalingerne. Endvidere kan det være hensigtsmæs-
sigt at udvide modellerne, s˚a de p˚a samme tid minimerer afvigelserne fra præference
og omkostninger, da begge faktorer kan p˚avirke forbrugernes valg. Yderligere un-
dersøgelse af den relative betydning af omkostningerne er dog nødvendig, da dette
kan være meget forskelligt fra person til person.
Modellerne kan derudover anvendes til andre fødevarer end fisk eller hele kost-
typer. Modellerne kan ogs˚a udvides til at omfatte begrænsninger baseret p˚a sund-
hedsmæssige effekter relateret til hele fødevaren ud over de begrænsninger, der
allerede er i modellen for næringsstoffer og forureninger. I fremtiden kan metoderne i
denne afhandling anvendes i forbindelse med en formidling af sunde og sikre person-
lige fødevareanbefalinger, der passer til individuelle præferencer. En mere praktisk
anvendelser af modellerne kræver yderligere forskning mht. implementering, kommu-
nikation og opfølgning. Modellerne kan ogs˚a ved at omfatte forbrugernes accept og
præferencer være nyttige til at udvikle nye kostr˚ad. En fremtidig udfordring kan være
at udvide modellerne til at omfatte f.eks. bæredygtighed, s˚asom miljøp˚avirkning.
viii
List of Papers
Paper A
Persson, M., S. Fagt, S. M. Pires, M. Poulsen, F. Vieux, and M. J. Nauta (2018). “Use
of Mathematical Optimization Models to Derive Healthy and Safe Fish Intake”.
The Journal of Nutrition 148:2, pp. 275–284. doi: 10.1093/jn/nxx010.
Paper B
Persson, M., S. Fagt, and M. J. Nauta (2018). “Personalised fish intake recommen-
dations: the effect of background exposure on optimisation”. British Journal of
Nutrition 120:8, pp. 946–957. doi: 10.1017/S0007114518002131.
Paper C
Persson, M., S. Fagt, and M. J. Nauta (2019). “Optimizing healthy and safe fish in-
take recommendations: A trade-off between personal preference and cost”. British
Journal of Nutrition, pp. 1–40. doi: 10.1017/S0007114519000989.
ix

List of Abbreviations
AR Average Requirement
BMD Benchmark Dose
DALY Disability-Adjusted Life Year
DANSDA Danish National Survey of Diet and Physical Activity
DHA Docosahexaenoic Acid
dl-PCBs dioxin-like Polychlorinated Biphenyls
DRVs Dietary Reference Values
EFSA European Food Safety Authority
EPA Eicosapentaenoic Acid
FAO Food and Agriculture Organization of the United Nations
FBDGs Food-Based Dietary Guidelines
GHGE Greenhouse Gas Emissions
HBGVs Health-Based Guidance Values
LI Lower Intake Level
LOAEL Lowest Observed Adverse Effect Level
LP Linear Programing
NCDs Noncommunicable Diseases
NOAEL No Observed Adverse Effect Level
QP Quadratic Programming
RBA Risk-Benefit Assessment
RI Recommended Intake
xi
UL Upper Intake Level
WHO World Health Organization
xii
Contents
Preface i
Acknowledgments iii
Summary v
Sammendrag vii
List of Papers ix
List of Abbreviations xi
1. Introduction 1
1.1 Aim and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2. Dietary Advice for Populations 6
2.1 Dietary Reference Values . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Food-Based Dietary Guidelines . . . . . . . . . . . . . . . . . . . . 8
2.2.1 Danish Official Food-Based Dietary Guidelines . . . . . . . . 8
2.3 Health-Based Guidance Values . . . . . . . . . . . . . . . . . . . . . 9
3. Risk-Benefit Assessment of Foods 11
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Level of Aggregation . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Methods for Comparison . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 The Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4. Towards Personalized Dietary Advice 16
4.1 Food Choice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2 Dietary Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2.1 Danish National Survey of Diet and Physical Activity . . . . 18
4.3 Personalized Nutrition . . . . . . . . . . . . . . . . . . . . . . . . . 19
5. Concepts of Mathematical Optimization 20
5.1 General Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.2 Linear Programming . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.3 Quadratic Programming . . . . . . . . . . . . . . . . . . . . . . . . 21
5.4 Optimization with Multiple Objectives . . . . . . . . . . . . . . . . 22
5.4.1 Optimal Trade-Off Analysis . . . . . . . . . . . . . . . . . . . 22
xiii
Contents
6. Mathematical Optimization for Diet Modeling 24
6.1 Why Applying Mathematical Optimization? . . . . . . . . . . . . . 24
6.2 The Optimization Variable . . . . . . . . . . . . . . . . . . . . . . . 25
6.3 The Target Individual/Group . . . . . . . . . . . . . . . . . . . . . 25
6.4 The Objective Function and Constraints . . . . . . . . . . . . . . . 25
6.4.1 Minimize Deviation from Observed Intake . . . . . . . . . . . 26
6.5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
6.5.1 Sustainable Diets . . . . . . . . . . . . . . . . . . . . . . . . . 29
6.5.2 Food Item Optimization on Individual Level . . . . . . . . . 31
6.5.3 Whole Diet Optimization on Individual Level . . . . . . . . . 31
6.5.4 Food Item Optimization on Population Level . . . . . . . . . 32
6.5.5 Whole Diet Optimization on Population Level . . . . . . . . 32
6.6 Developing the Models . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.6.1 Paper A and B . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.6.2 Paper C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
7. Paper A 35
8. Paper B 46
9. Paper C 59
10. General Discussion 86
10.1 Main Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
10.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
10.2.1 Choice of Objective Function . . . . . . . . . . . . . . . . . . 90
10.2.2 Diet Optimization and RBA . . . . . . . . . . . . . . . . . . 94
10.3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
10.3.1 Results of the Fish Intake Case . . . . . . . . . . . . . . . . . 97
10.4 Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
10.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Bibliography 102
xiv
1
Introduction
The relation between diet and health is supported by a growing body of scientific
evidence [WHO/FAO, 2003]. Dietary patterns affect health, positively as well as
negatively, throughout people’s lives; both present and future life. As described by
the World Health Organization (WHO), a healthy diet helps to protect against all
forms of malnutrition and Noncommunicable Diseases (NCDs) such as diabetes,
heart disease, stroke, and cancer [WHO, 2018].
The double burden of malnutrition is a concept referring to the coexistence of
under-nutrition and overweight, obesity or diet-related NCDs [WHO, 2017]. The
double burden can occur at individual, household, and population level. In 2014,
around 1.9 billion people in the world were overweight or obese, and 462 million
people were underweight [NCD Risk Factor Collaboration, 2016]. NCDs are the
leading causes of death globally and it is well established that food consumption
plays a key role in the risk of developing NCDs [WHO, 2011]. An unhealthy diet is
one of the four major behavioral risk factors. Other risk factors include tobacco use,
insufficient physical activity, and harmful alcohol use.
WHO’s global strategy on diet, physical activity and health endorsed by the
World Health Assembly 2004 has the overall aim to promote and protect health by
guiding the development of an enabling environment for sustainable actions at in-
dividual, community, national and global levels that, when taken together, will lead
to reduced disease and death rates related to unhealthy diet and physical inactiv-
ity [WHO, 2004]. One of the specific objectives is to encourage the development of
policies to improve diets and increase physical activity that are sustainable and com-
prehensive. WHO’s European Food and Nutrition Action Plan for 2015-2020 aims
to significantly reduce the burden of preventable diet-related NCDs and all forms of
malnutrition, and to improve diet and nutrition in populations [WHO, 2014].
Several countries have developed national Food-Based Dietary Guidelines (FB-
DGs) to guide the population on healthy consumption patterns that are nutritionally
adequate and prevent NCDs [WHO, 2003; EFSA, 2010a; Erve et al., 2017]. FBDGs
are the preferred and most widely applied tool by policymakers for advising popula-
tions on healthier diets. Typically, FBDGs constitute a set of recommendations for
foods, food groups or dietary patterns that are straight forward and easily under-
standable by individuals in the general public [EFSA, 2010a; FAO/WHO, 1998]. In
order to be feasible, national guidelines should account for current dietary patterns
in the country, food availability, and cultural acceptability of foods. To be relevant,
1
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FBDGs should account for the country’s prevalence of malnutrition disorders and
NCDs.
However, national guidelines seem to have limited effect on dietary changes [Brown
et al., 2011; Pedersen et al., 2015; King, 2007]. In spite of current efforts by several
countries, the global burden of NCDs is still rising, partly attributed to poor dietary
patterns [WHO/FAO, 2003; WHO, 2011]. Hence, complementary and alternative
ways to modify food consumption patterns that are more effective than generic
guidelines are relevant.
There may bee several reasons why FBDGs have not had the desired effect on di-
etary changes. Dietary patterns in a population often vary greatly. Dietary patterns
and their shifts cannot be attributed to one or a few circumstances. Sever factors
and complex interactions affect what people eat. Income, food cost and availabil-
ity, individual preferences and beliefs, cultural traditions, as well as geographical,
environmental, social and economic factors all play a role in shaping dietary pat-
terns [Leng et al., 2017; Ko¨, 2009; WHO/FAO, 2003], and additional factors may
be added to this list. This complexity of food choice suggests that dietary advice
should be further targeted than national guidelines.
Recent research suggests that personalized dietary recommendations are more
effective on behavioral change than more generic population-based advice [Celis-
Morales et al., 2015; Celis-Morales et al., 2017; Brug et al., 1999; Brug et al., 2003].
Personalized advice can account for an individual’s preferences, needs, beliefs, be-
haviors, and objectives, whereby they may be perceived as more relevant, moti-
vational, and achievable by the individual. Individual response to foods/nutrients
dependent on biological characteristics such as genotype or phenotype can also be
accounted for when generating individual recommendations [Ordovas et al., 2018;
Celis-Morales et al., 2015; Celis-Morales et al., 2017]. Development of personalized
advice is possible due to new technologies. Larger amounts of data, and storage and
analysis thereof, is a necessity. Digital technologies enable cost and time effective
dietary assessments [Thompson et al., 2010; Rippin et al., 2018] and measurements
of individual response to foods/nutrients [Gibney et al., 2016; Ordovas et al., 2018].
Digital tools also enable practical generation and communication of personalized
advice [Gibney et al., 2016; Ordovas et al., 2018].
While both population-level and personalized dietary advice aim to guide con-
sumers towards diets that reduce the risk of diet-related diseases, accounting for
the range of risks and benefits that can be associated with consumption of foods is
relatively novel. FBDGs encourage the shift towards specific dietary patterns, but
the impact of potential consequent changes in exposure to chemical hazards in cer-
tain foods has not always been accounted for while developing them. Risk-Benefit
Assessment (RBA) is a method that compares risks and benefits of food consump-
tion [EFSA Scientific Committee, 2010; Tijhuis et al., 2012; Verhagen et al., 2012;
Hoekstra et al., 2012; Boobis et al., 2013; Boue´ et al., 2015; Nauta et al., 2018;
Pires et al., 2018]. RBA can e.g. be applied as a decision-support tool for provid-
ing evidence for assessment or development of dietary advice. The majority of the
performed RBA studies have assessed fish consumption [Boue´ et al., 2015]. Fish pro-
vides health benefits due to its content of e.g. omega 3 fatty acids and vitamin D,
but also health risks due to the presence of contaminants such as methyl mercury,
2
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dioxins, and dioxin-like Polychlorinated Biphenyls (dl-PCBs) [Norwegian Scientific
Committee for Food Safety (VKM), 2014; Hoekstra et al., 2013]. Many countries
recommend consumption of fish [WHO, 2003; EFSA, 2010a; U.S. Department of
Health and Human Services and U.S. Department of Agriculture, 2015]. The Dan-
ish official FBDGs suggest an intake amount of 350 g of fish per week of which
200 g should be fatty fish [Fødevarestyrelsen, 2013]. This guideline was based on
nutritional benefits, but did not take into account the balance between beneficial
and adverse health effects. In addition, potential variability in positive and negative
health impact of consumption of fish between individuals was not accounted for.
This thesis contributes to the field of food-based personalized dietary advice.
We apply mathematical optimization techniques for generating personalized intake
recommendations that account for individual dietary patterns, as well as potential
benefits and risks of food intakes. Mathematical optimization involves finding the
minimum of an objective function subject to a set of constraints [Boyd and Vanden-
berghe, 2009]. We use fish intake in Denmark as a case study. Beneficial and adverse
health effects associated with fish consumption are represented as intake of nutrients
present in fish and exposure to contaminants due to fish consumption. By minimiz-
ing the deviation from observed individual fish intakes subject to constraints on the
nutrients and contaminants, personalized fish intake recommendations that require
the smallest change in intake are generated. The idea behind the work of this thesis
is not to suggest that existing general FBDGs should be replaced, but rather to pro-
vide methods for developing complements or alternatives to such population-based
advice.
1.1 Aim and Objectives
The aim of this PhD thesis is to develop methods for generating food-based person-
alized dietary advice. The research is directed at the application of mathematical
optimization techniques and fish intake in Denmark is used as a case study. Three
specific objectives are formulated to achieve the aim of the thesis:
1. To develop a model for generating personalized fish intake recommendations
(Papers A, B, and C)
2. To analyze the effect of including individual variation in background exposure
when modeling personalized fish intake recommendations (Paper B)
3. To develop a model for generating a trade-off curve between deviation from
preference and cost for optimized personalized intake recommendations (Paper
C)
1.2 Outline of the Thesis
This PhD thesis consists of 10 chapters. First, in Chapter 2, we provide an overview
of dietary advice for populations, explaining the difference between component-based
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advice and food-based advice. The methods for generating personalized fish intake
advice developed in this thesis include component level advice for populations.
In Chapter 3, we introduce the research area Risk-Benefit Assessment (RBA) of
foods. RBA is related to mathematical optimization of diets, the method applied in
this thesis, as both evaluate health risks and benefits associated to the intake of foods.
We consider both risks and benefits of fish consumption in the developed models
through the inclusion of component-based advice for nutrients and contaminants in
fish.
In Chapter 4, we explain the motivation behind researching and developing
personalized dietary advice. First, food choice and its role in development of dietary
advice is presented. The complexity of food choice suggests that dietary advice
should be more targeted than national guidelines. Next, we give an overview of
dietary assessment methods. Dietary assessment plays a key role in the development
of dietary advice, both for advice on population level and personalized advice. In this
thesis, the personalized fish intake advice is obtained by minimizing the deviation
from current observed intakes. Hence, food choice is approached by including current
personal fish preference, which is obtained from a Danish national dietary survey.
Lastly, we present the research field personalized nutrition. Personalized nutrition
aims at developing targeted dietary advice by considering information on individual
characteristics. The goal of the methods of this thesis is in line with the goal of
personalized nutrition. Hence, describing personalized nutrition serves as motivation
for the work of this thesis.
In Chapter 5, we describe the basic technicalities of mathematical optimization.
This chapter and the following chapter are focusing on the methodology of this thesis.
The concepts and terminology that are introduced here will be used throughout the
remaining part of the thesis.
Chapter 6 contains the main body of the methods of this thesis. It also provides
an overview of applications of mathematical optimization to diet related problems.
We motivate the use of mathematical optimization for diet modeling and introduce
the concepts of this application. We also discuss relevant work in relation to the
work of this thesis. Furthermore, this chapter gives an introductory overview of
the mathematical optimization models developed in this thesis and we provide a
schematic representation of the models.
Chapters 7, 8, and 9 contain the papers of this thesis, which are titled:
Paper A. Use of mathematical optimization models to derive healthy and
safe fish intake
Paper B. Personalized fish intake recommendations: the effect of background
exposure on optimization
Paper C. Optimizing healthy and safe fish intake recommendations: a trade-
off between personal preference and cost
In the last chapter, Chapter 10, we conclude the thesis with a general discussion.
We discuss the main findings of the three papers. We discuss the developed methods,
with the main focus on the choice of applying Quadratic Programming QP as well
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as similarities and differences of RBA and our methods. We also discuss applications
of the developed methods and some future perspectives.
5
2
Dietary Advice for Populations
Diets are made up by a variety of foods and each food contains a set of components.
Both components that are essential and/or beneficial to health, i.e., nutrients, but
harmful components, such as contaminants, natural toxins, and microorganisms,
may also be present in foods. In this chapter, we introduce dietary advice for popu-
lations, both guidance on food component level and food level. The Danish official
FBDGs are listed. The methods for generating personalized fish intake advice de-
veloped in this thesis include component level advice for populations.
2.1 Dietary Reference Values
Dietary reference values (DRVs) is an umbrella term for quantitative reference val-
ues for nutrient intakes for healthy individuals and populations which may be used
for assessment and planning of diets. This description is from the European Food
Safety Authority’s (EFSA’s) scientific opinion on principles for deriving and apply-
ing DRVs [EFSA, 2010b]. While similar terminology and definitions of DRVs are
being used by different authorities and countries, variation occurs. At present, no
global harmonization is in place. In 2017, a workshop to explore the evidence for
achieving global harmonization of methodological approaches to establishing DRVs
was held by The Food and Nutrition Board of the National Academies of Sciences,
Engineering, and Medicine in collaboration with WHO and the Food and Agricul-
ture Organization of the United Nations (FAO) [National Academies of Sciences
Engineering and Medicine, 2018].
The Nordic countries have been collaborating in setting DRVs for several decades
through joint publications, the Nordic Nutrition Recommendations 2012 being the
fifth and most recent publication [Nordic Council of Ministers, 2014]. The terminol-
ogy and definitions of DRVs from this work are given below:
 Average requirement (AR): The lowest long-term intake level of a nutrient that
will maintain a defined level of nutritional status in an individual.
 Recommended intake (RI): The amount of a nutrient that meets the known
requirement and maintains good nutritional status among practically all healthy
individuals in a particular life stage or gender group.
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Figure 2.1 Frequency distribution of individual requirement of nutrient intake.
SD, standard deviation. Adapted from [Nordic Council of Ministers, 2014].
 Lower intake level (LI): The cut-off intake value below which an intake could
lead to clinical deficiency symptoms in most individuals.
 Upper intake level (UL): Maximum level of long-term (months or years) daily
nutrient intake that is unlikely to pose a risk of adverse health effects in hu-
mans.
The AR is the nutrient intake amount that is sufficient to cover the requirement for
50% of the individuals in a population group, provided that the requirement is nor-
mally distributed [Nordic Council of Ministers, 2014]. The criteria for establishing
the AR are generally based on data on biochemical markers from individuals with
adequate nutritional status. The RI is estimated as AR + 2SD, where SD is the
standard deviation of the requirements, as visualized in Figure 2.1. The 2SD serves
as a safety margin ensuring that the vast majority of the population group meet
the individual requirement when following the RI. The RI is usually expressed in
amount/day and is an appropriate average intake of a group over a longer period of
time (one week or more).
Intake of some nutrients may present a health risk at the low intake range, i.e.
deficiency, and a risk of toxic effects at high intake levels. The dual risk approach
is a method in nutrition science where both too low and too high intake levels
are considered [Tetens et al., 2018]. The establishment of the UL is based on a
threshold value No Observed Adverse Effect Level (NOAEL), which is the highest
intake of a nutrient with no observed adverse effects. If there are no adequate data
for establishing the NOAEL, a Lowest Observed Adverse Effect Level (LOAEL) may
be used. Experimental data from animals or in vitro may be used to complement
human data for establishing the threshold values NOAEL and LOAEL [Tetens et
al., 2018]. The UL is derived by taking into account the scientific uncertainties in
the data by dividing the threshold value by a uncertainty factor [Nordic Council
of Ministers, 2014]. Establishment of the LI is generally based on observations of
individuals [Nordic Council of Ministers, 2014].
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2.2 Food-Based Dietary Guidelines
People eat foods and combinations of food make up diets. DRVs can be hard to
understand and incorporate in everyday life for consumers. This is one of the reasons
for developing and using Food-Based Dietary Guidelines (FBDGs). FBDGs are a set
of recommendations for foods, food groups or dietary patterns that should be clear
and simple to understand [FAO/WHO, 1998; EFSA, 2010a]. WHO and FAO have in
collaboration generated a report to guide the process of developing and promoting
FBDGs [FAO/WHO, 1998]. EFSA have provided similar guidance in a scientific
opinion on establishing FBDGs [EFSA, 2010a]. As stated in these two publications,
other reasons to develop and promote FBDGs than providing understandable food-
based advice for people are:
 Nutrients interact differently when presented as foods: food is more than the
sum of its nutrients and effects of foods and dietary patterns can be greater
than the sum of its parts.
 Cooking, and processing of foods may alter the nutritional composition of
foods.
 There is evidence on the relationships between foods/dietary patterns and
reduced risk of specific diseases. The nutrients involved have not always been
identified.
 Food components may have yet unidentified biological functions.
 Food consumption is affected by cultural and social acceptability.
 Evidence suggest that for some macronutrients, a higher intake than the cur-
rent recommendation may lower the risk of NCDs.
The overall purpose of FBDGs is to promote overall health, protect against mal-
nutrition and prevent NCDs [FAO/WHO, 1998; EFSA, 2010a]. FBDGs are aimed
to individuals in the general public. They are written messages, often presented as
graphic food selection guides or posters. Several dietary patterns can be associated
with health, whereby each country should ensure that their FBDGs are appropriate
for its population. In order to be feasible, they should account for current dietary pat-
terns, food availability, and cultural acceptability of foods. To be relevant, FBDGs
should account for the country’s prevalence of malnutrition disorders and NCDs.
Presently, a number of countries in and outside of Europe have developed na-
tional FBDGs [WHO, 2003; EFSA, 2010a; Erve et al., 2017]. A recent comprehensive
internet search [Erve et al., 2017] found that 93 out of 226 countries worldwide had
official national FBDGs. North America and Europe were the continents that had
the highest percentage of countries with official FBDGs, 77% and 67% respectively,
whereas this percentage was lowest in Africa, namely 12%.
2.2.1 Danish Official Food-Based Dietary Guidelines
In Denmark, the first set of dietary guidelines was published in the 1970s. These have
been revised a few times since then, most recently in 2011–13 based on the Nordic
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Nutrition Recommendations 2012 publication. This last revision was published 2013
and represent the current Danish official FBDGs. These read [Fødevarestyrelsen,
2013; Tetens et al., 2013]:
1. Eat a variety of foods, not too much and be physically active.
2. Eat fruit and many vegetables.
3. Eat more fish.
4. Choose whole grains.
5. Choose lean meat and lean cut meats.
6. Chose low-fat dairy products.
7. Eat less saturated fat.
8. Eat food with less salt.
9. Eat less sugar.
10. Drink water.
Along with each guideline, a set of advice on how to practically meet the guideline
is provided. Several guidelines also specify the recommended amounts of intakes.
For example, the third guideline regarding fish is more specifically recommending
an intake of 350 g of fish per week, of which 200 g should be fatty fish. A poster
with the ten messages of the Danish official FBDGs is shown in Figure 2.2
2.3 Health-Based Guidance Values
Contaminants may be present in food as a result of environmental contamination,
the various stages of production, e.g., processing, packaging, transportation, and
storage. Furthermore, natural toxins and pathogens occur in foods [Rather et al.,
2017; The European Commission, 2008]. Health-Based Guidance Values (HBGVs)
provide guidance on safe consumption of substances that takes into account current
safety data, uncertainties in these data, and the likely duration of consumption, as
described by EFSA [EFSA, 2019]. The Tolerable Daily Intake (TDI) and the Accept-
able Daily Intake (ADI) are examples of HBGVs [FAO/WHO, 2009]. HBGVs can be
derived from threshold values, e.g., the NOAEL, the LOAEL, and the Benchmark
Dose (BMD) established from dose-response relationships, usually derived from ex-
perimental animal data. The HBGVs are estimated by dividing the threshold value
from the data with an uncertainty factor for providing a safety margin, considering
sensitive population subgroups [FAO/WHO, 2009].
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Figure 2.2 Danish official FBDGs [Fødevarestyrelsen, 2013].
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Risk-Benefit Assessment of
Foods
In this chapter, we introduce the research area Risk-Benefit Assessment (RBA) of
foods. The overall aim of RBA is to compare and/or integrate health risks and
benefits associated with a shift in food consumption. RBA is a decision-support tool
that can be applied e.g. for providing evidence for assessment or development of
dietary advice. RBA is related to mathematical optimization of diets, the method
applied in this thesis. We consider both risks and benefits of fish consumption in
this thesis through considering nutrients and contaminants present in fish. In the
discussion section, we put the work of this thesis into an RBA context and discuss
similarities and differences of RBA and our methods.
3.1 Overview
The goal of an RBA is to compare and/or integrate risks and benefits of food con-
sumption by combining knowledge from different research fields such as nutrition,
toxicology, microbiology, and epidemiology [EFSA Scientific Committee, 2010; Ti-
jhuis et al., 2012; Verhagen et al., 2012; Hoekstra et al., 2012; Boobis et al., 2013;
Boue´ et al., 2015; Nauta et al., 2018; Pires et al., 2018]. The RBA approach involves
comparison of health impacts related to specified consumption scenarios in a target
population. Typically, a reference intake scenario, such as the observed consumption
in a population, is compared with one or more alternative intake scenarios, e.g.,
consumption in line with DRVs or FBDGs. The target population may be the whole
population in a country, or a smaller subpopulation, e.g., children, adults, women in
the childbearing age, and elderly.
3.2 Level of Aggregation
RBAs can be performed on different levels of aggregation, defining the focus of the
assessment:
 Component level. For example folic acid [Hoekstra et al., 2008] and vitamin D
intake [Berjia et al., 2014].
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 Food level. For example fish consumption [Hoekstra et al., 2013; Zeilmaker
et al., 2013; Berjia et al., 2012].
 Diet level. For example substitution of red and processed meat with fish in a
diet [Thomsen et al., 2018].
The different levels of aggregation are visualized in Figure 3.1. At least one health
risk and one health benefit should be associated with the intake, or change in in-
take, the of the component, food or diet. If only risks are present, the assessment
would be solely a risk assessment, and likewise, a benefit assessment if only bene-
fits are associated with the (change in) consumption. A RBA on food or diet level
may still consider the components in the food(s). The majority of the RBA study’s
performed today have assessed fish consumption [Boue´ et al., 2015]. Fish provides
health benefits due to its content of e.g. omega 3 fatty acids and vitamin D, but
also health risks due to the presence of contaminants such as methyl mercury, diox-
ins, and dl-PCBs [Norwegian Scientific Committee for Food Safety (VKM), 2014;
Hoekstra et al., 2013].
3.3 Methods for Comparison
The majority of the performed RBA studies have included the research fields nutri-
tion and toxicology. Different criteria can be applied in order to compare risks and
benefits, as listed below [Boue´ et al., 2015]:
 Thresholds/constrains defined by e.g. DRVs and HBGVs.
 Common health metrics e.g. health endpoints, such as prevalence or incidence
of a disease, and biological markers.
 Composite health metrics e.g. Disability-Adjusted Life Years (DALYs).
The first comparison method compares risks and benefits in their own currency,
whereas the later two methods enables comparison of risks and benefits in a common
currency [Boue´ et al., 2015; EFSA Scientific Committee, 2010; Tijhuis et al., 2012].
Common health metrics reflect a single measurement. Composite health metrics
capture a combination of common health measures into one currency by weighting
the different health outcomes. The DALY is the most applied composite health
metric in RBA [Boue´ et al., 2015] and it combines incidence, severity, duration, and
mortality [Devleesschauwer et al., 2014].
3.4 The Process
An RBA is preceded by a problem formulation which includes a risk-benefit question
to be answered by the assessment, the level of aggregation, the target population,
the consumption scenarios to be compared. Risk-benefit questions are of two main
types [EFSA Scientific Committee, 2010]:
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Figure 3.1 Different levels on which RBA can be performed: component, food,
and diet level. A diet, as represented by the plate, contains a set of foods. Each food
contains a set of components, e.g. nutrients, contaminants, or microorganisms. A
component may be beneficial (green dots), adverse (red dots) or both (blue dots) to
human health. In an RBA on the component level, the health impact of a component
that is both beneficial and adverse to humane health, e.g folic acid or vitamin D, is
assessed. On food level, the health impact of a food, e.g. fish, is assessed, on either
by considering the whole food or the individual components in the food (e.g omega
3 fatty acids and dioxins in fish). On diet level, the health impact of increasing one
(or more) food and simultaneously decreasing the consumption of other food(s) in
the diet is assessed, referred to as substitution.
1. What is the balance of risks and benefits caused in a population by the intake
of a component/food/diet?
2. What would be the net health impact of a specified change in intake of a
component/food/diet?
After the problem formulation is in place, an RBA process may follow five steps.
The first four steps follow those of a traditional risk assessment, which are: 1) haz-
ard identification, 2) hazard characterization, 3) exposure assessment, and 4) risk
characterization [EFSA, 2012; FAO/WHO, 2015]. In RBA, risks and benefits are
assessed separately in these four steps, and are possibly integrated in a final fifth
step. Below follows a list of the steps of an RBA [EFSA Scientific Committee, 2010;
Tijhuis et al., 2012; Verhagen et al., 2012; Hoekstra et al., 2012; Boobis et al., 2013]:
1. Identification health effects associated with the component/food.
2. Characterization of the health effects. The relations between intake of the
component/food and the associated health effects are described, see Figure 3.2.
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Figure 3.2 A comparison of approaches for health effect characterization used
in nutrition (left) and toxicology (right). In nutrition, both too low and too high
intakes are considered a risk. Intake below the LI and above the UL represents a
risk to health. Intake between these levels is considered beneficial for health. In
toxicology, the risk increases with the dose; no benefits are defined. The value x
represents a critical response dose, e.g., LOAEL or BMD Adapted from [Nauta et
al., 2018].
3. Exposure assessment. The intake of the component/food of the consumption
scenarios is described. This requires dietary intake data and data on the con-
centrations of the components in the food.
4. Characterization of risks and benefits. The information from the characteriza-
tion of the health effects and the exposure assessment is integrated.
5. Integration of risks and benefits. The overall health impact of the change in
intake of the food/component is assessed.
The steps described above are visualized in Figure 3.3. If the threshold method of
comparison is applied, the risks and benefits can not be integrated in a quantitative
way. Instead, the risk and benefits of different scenarios can be compared by com-
paring different exposure scenarios. This is visualized by the dashed arrow in the
figure. A threshold-based RBA can be applied to answer the first type of risk ben-
efit question described above. If the risk-benefit question is of type two, threshold
comparison is not sufficient. In this case, comparison methods including common or
composite health metric are required, which enables quantitatively integrating risks
and benefits, i.e. the last step of a RBA (see Figure 3.3).
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Figure 3.3 The Steps of RBA. The RBA process follows the steps of a tradi-
tional food safety risk assessment for both adverse and beneficial health effects.
The risks assessment (red boxes) and the benefit assessment (green boxes) are per-
formed separately, and potentially integrated in the last step (blue box). If the risks
and benefits are not integrated, they are compared before the integration step, as
illustrated with the dashed arrow. Adapted from [Tijhuis et al., 2012].
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Towards Personalized Dietary
Advice
In this chapter, we explain the motivation behind researching and developing per-
sonalized dietary advice. First, we introduce the complexity of food choice and its
role in development of dietary advice. The complexity of food choice suggests that
dietary advice should be more targeted than national guidelines. Next, we give an
overview of dietary assessment methods. The Danish National Survey of Diet and
Physical Activity (DANSDA) is presented and we shortly discuss the compliance
to the Danish FBDGs. Dietary assessment plays a key role in the development of
dietary advice, both for advice on population level and personalized advice. In this
thesis, the personalized fish intake advice is obtained by minimizing the deviation
from current observed intakes. Hence, food choice is approached by including current
personal fish preference, which is obtained from DANSDA. Lastly, we present the
research field personalized nutrition. Personalized nutrition aims at developing tar-
geted dietary advice by considering information on individual characteristics. The
goal of the methods of this thesis are in line with the goal of personalized nutrition.
Hence, describing personalized nutrition serves as motivation for the work of this
thesis.
While we in this chapter discuss personalized dietary advise in general, the follow-
ing Chapters 5 and 6 will focus on the method that we apply for this topic, namely
mathematical optimization of diet problems, which we define as diet optimization.
4.1 Food Choice
Eating is a natural and regular part of life. Although seemingly simple, an indi-
vidual’s food choice is a complex behavior determined by many factors and their
interactions. The understanding of food choice is limited [Leng et al., 2017; Ko¨,
2009; Nestle et al., 1998]. Essential factors that affect food choice behavior can be
divided into the following subgroups [Ko¨, 2009]:
1. Psychological, e.g, motivation, emotion, memory, previous experiences, learn-
ing, personality traits.
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2. Biological och physiological, e.g., age, gender, physical condition, genetic fac-
tors.
3. Intrinsic product characteristics, perception, e.g., appearance, taste, smell.
4. Extrinsic product characteristics, expectations, e.g., claims, label, packaging,
sustainability, risk perception.
5. Sociocultural, e.g., cultural and economical influence, trust in industry and
government, changing beliefs and habits.
6. Situational, e.g., time, social and physical surroundings.
Researchers stress that more interdisciplinary approaches are needed to make real
progress in understanding food choice and predicting this behavior [Ko¨, 2009]. In
order to develop more effective dietary advice, valid predictions about their outcome
are relevant, which is dependent on better understanding of food choice [Leng et
al., 2017; Nestle et al., 1998]. With the purpose of FBDGs being to evoke change
in consumer behavior, it may be useful to categorize consumer behavior studies
into awareness, understanding and use of FBDGs in the process of evaluating the
guidelines [Brown et al., 2011].
4.2 Dietary Assessment
Dietary assessments estimate food and nutrient intakes and dietary patterns of in-
dividuals and populations over time [FAO, 2018]. Depending on the purpose of the
assessment, different methods can be applied. A categorization of dietary assess-
ments methods is shown in Figure 4.1. Indirect methods apply secondary data, e.g.,
food supply and food expenditure data to estimate food availability and consump-
tion at national and household level, whereas direct methods record primary data
from individuals. Direct methods can be retrospective and prospective, referring to
when the individual is recording her/his food intake. With retrospective methods,
food intake from the past is recorded, whereas current food consumption is recorded
with prospective methods.
A recent review [Rippin et al., 2018] identified that 34 of the 53 countries in the
WHO European region have conducted nationally representative dietary surveys of
whole diets at individual level since 1990. The review also listed which dietary survey
methods the countries applied.
Development of new technologies for diet assessment methods has been in
progress for a considerable amount of time [Thompson et al., 2010; Rippin et al.,
2018]. Digital technologies have the potential to increase the efficiency and accuracy
of the assessment, to reduce costs, e.g. data recording and processing expanses, to
increase convenience for participants, and they also serve for standardization. Mobile
technologies are emerging as a valuable tool for dietary assessment [Six et al., 2010].
Mobile phones enable the development of methods for collecting dietary intake data
in real time, and the incorporation of image-recognition can be applied for phones
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Dietary assessment methods
Indirect
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level
Food balance
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Household
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Household
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and expenditure
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24 hour recall
Food frequency
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Prospective
Estimated
food record
Weighed
food record
Duplicate
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Personal digital
assistant
Image-assisted dietary
assessment method
Mobile-based
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Interactive computer
and web-based
technologies
Scan and sensor
based technologies
Figure 4.1 Overview of dietary assessment methods. Adapted from [FAO, 2018].
with a camera [Six et al., 2010]. Six of the 53 European countries in the review [Rip-
pin et al., 2018] applied computer-based technology such as electronic interviews and
web-based food diaries to collect dietary data. No country used mobile technologies.
This relatively low number of studies applying new technologies for national data
recording may be due to lack of validation of the methods of differential usability
across population groups.
FBDGs should account for dietary patterns of the population in order to be
feasible [FAO/WHO, 1998; EFSA, 2010a]. Dietary assessment methods are therefore
crucial in the development and evaluation of dietary guidelines.
4.2.1 Danish National Survey of Diet and Physical Activity
The Danish National Survey of Diet and Physical Activity (DANSDA) is a dietary
survey performed by the Danish national food institute [Pedersen et al., 2015; Biltoft-
jensen et al., 2014]. The data was collected in May 2011–September 2013 and the
estimated food record method was applied (see Figure 4.1). The participants kept
a food record for 7 consecutive days. Food intakes and drinks were registered as
glasses, cups, plates, items, or via pictures of portion sizes developed by the Danish
national food institute. In total, 3946 individuals of ages 4-75 years participated.
Out of these, 3016 individuals were in the age group 18-75. The participants were
randomly chosen according to national identification number, and hence formed a
representative sample of the population (participation rate: 54,4%). Self-reported
body weights, and information of time and intensity spent on physical activity were
also collected.
Compliance to Danish FBDGs According to DANSDA, the compliance to
some of the Danish official FBDGs is relatively low [Pedersen et al., 2015; Biltoft-
jensen et al., 2014]. For example, only 3% af the Danish population meet the recom-
mendation for saturated fat. For dietary fibers, 16% of the adults comply with the
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recommendation. About 15% of the Danish adult population follow the recommen-
dation for fish.
4.3 Personalized Nutrition
The overall aim of personalized nutrition is assisting individuals in achieving a last-
ing change in dietary behavior that with the goal of increasing health [Gibney et al.,
2016; Ordovas et al., 2018]. Personalized nutrition can be described as an approach
for developing targeted dietary advice by considering information on individual char-
acteristics. The individual characteristics that are in question for the personalization
can be divided into two groups [Ordovas et al., 2018]:
1. Biological characteristics, e.g., genotype or phenotype.
2. Current behavior, preferences, barriers, and objectives.
Personalized nutrition can be used for dietary advise for individuals and for devel-
opment of more effective public health interventions [Gibney et al., 2016; Ordovas
et al., 2018]. Studies suggest that individuals may perceive personalized dietary
advice as more relevant and motivational than “one size fits all” guidelines [Brug
et al., 1999; Brug et al., 2003; Celis-Morales et al., 2017]. The result of a litera-
ture review of the the application and impact of computer-generated personalized
nutrition education [Brug et al., 1999] indicate that computer-tailored nutrition ed-
ucation is more likely to be read, remembered, and experienced relevant by the
individuals as compared to standard materials. A randomized control study found
that internet-delivered personalized advice resulted in larger and more appropriate
dietary behavior changes than a general advice [Celis-Morales et al., 2017]. It was
concluded that personalized dietary advice based on individual intake data was more
effective than general advice, but there was no evidence that including phenotypic
or genotypic information enhanced the effectiveness of the personalized advice.
The trend towards personalized nutrition can be seen as a result of the following
factors [Ordovas et al., 2018]:
 New research that provides a better understanding of how diet affects health.
 New technologies that enables better and continuous measurements of dietary
and health status.
 New analytical tools that can interpret large amounts of data and transform
it into practical information.
The development of new technologies and analytical tools have played and will con-
tinue to play a key role in enabling and developing personalized nutrition. From
the diagnostic phase (monitoring and assessing an individual’s dietary and health
status), via generating dietary advice and make them practically applicable for the
individual, to follow up of the progress and assess the effectiveness of the advice,
modern technologies are essential [Gibney et al., 2016; Ordovas et al., 2018].
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Concepts of Mathematical
Optimization
This chapter and the following Chapter 6 are focusing on the methodology of this
thesis. In this chapter, we introduce the basic concepts of mathematical optimiza-
tion. Some sub-classes of optimization problems are presented. Mathematical opti-
mization can be applied for making the best possible choice from a set of candidate
choices [Boyd and Vandenberghe, 2009]. Optimization involves finding the minimum
or maximum of an objective function subject to a set of constraints. The constraints
represent requirements that limit the candidate choices of the problem and the objec-
tive function determines the best choice among feasible candidates. This framework
allows us to optimize dietary advice based on the knowledge from previous chapters.
While we in this chapter discuss optimization in general terms, the following chapter
will apply optimization on diet modeling.
5.1 General Form
A mathematical optimization problem is of the form
minimize
x
f0(x) (objective function)
subject to g1(x) ≤ b1 (constraints)
...
gm(x) ≤ bm
(5.1)
where vector x = (x1, ...,xn) represent the optimization variable, the function f0(x)
is the objective function, the functions g1(x), ..., gm(x) are the constraint functions,
and the constants b1, ..., bm are the constraint limits [Boyd and Vandenberghe,
2009]. The set of vectors that fulfill the constraints are the candidate choices of the
problem, also referred to as the feasible region. The vector among the candidate
choices that minimizes the objective function is the solution, or the optimal, of the
problem. If two or more constraints are conflicting, the feasible region is an empty
set and the problem has no feasible solutions. Minimizing a function is equivalent
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to maximizing its negative:
minimize
x
f0(x) ⇐⇒ maximize
x
− f0(x) (5.2)
If the objective function and all constraint functions are convex, the optimization
problem is convex. A fundamental property of convex optimization problems is that
any local best choice, i.e., local minimum, is also a global best choice, i.e., global
minimum [Boyd and Vandenberghe, 2009].
5.2 Linear Programming
Linear Programming (LP) problems is a class of optimization problems in which the
objective function and all constraint functions are linear [Boyd and Vandenberghe,
2009]. On matrix form, LP problems are expressed as
minimize
x
cTx
subject to Ax ≤ b
(5.3)
where the vector x is the optimization variable, cTx is objective function, the matrix
A is the constraint functions, and the vector b is the limit for the constrains. An
example of a LP problem is visualized in Figure 5.1.
Linear problems are convex optimization problems and hence a local minimum
is always a global minimum, However, there is no guarantee the there is a unique
global minima. Hence, there may be several choices of x that yields the minimal
value of the objective function [Boyd and Vandenberghe, 2009].
5.3 Quadratic Programming
Quadratic Programming (QP) problems is a class of optimization problems in which
the objective function is quadratic and all constraint functions are linear [Boyd and
Vandenberghe, 2009]. On matrix form, QP problems are expressed as
minimize
x
1
2
xTQx + cTx
subject to Ax ≤ b
(5.4)
where 12x
TQx + cTx is objective function. Quadratic programs include linear pro-
grams as a special case, that is when Q = 0. In order for a quadratic problem to
be convex, the Q matrix must be positive semi-definite. In this thesis, we will only
study a special case of QP where the Q matrix has a strictly positive diagonal, and
all off diagonal elements are zero. This ensures convexity, and for this specific case,
the solution to the QP problem is always unique [Boyd and Vandenberghe, 2009].
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x1
x
2
Feasibleregion
Figure 5.1 Two-dimensional linear programming problem, with the optimization
variable x = (x1,x2). For constraints make up the set of candidate solutions of the
problem, i.e., the feasible region. Two constraints are lower constraints (dashed
black lines) and two constraints are upper constraints (black lines). The objective
function (red line) is minimized, as illustrated by the arrow. The solution of the
problem is located on a corner point of the feasible region (black dot).
5.4 Optimization with Multiple Objectives
A multi-objective optimization problem has more than one objective function that
should be optimized simultaneously [Boyd and Vandenberghe, 2009]
minimize
x
(f1(x), f2(x), ..., fk(x))
subject to g1(x) ≤ b1
...
gm(x) ≤ bm
(5.5)
We observe that in difference to (5.1), where only one objective was allowed, this
formulation allows for multiple objective functions f1(x), ..., fk(x) with k ≥ 2.
5.4.1 Optimal Trade-Off Analysis
When there is a soluton that optimizes all objective functions of a multi-objective
optimization problem, the objective functions are non-conflicting. This means that
each objective function is optimized, even when the others are ignored. On the
contrary, for a multi-objective optimization problem with conflicting objective func-
tions, there is no solution that simultaneously optimize each objective function. In
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this case, several so called Pareteo optimal solutions exists. Optimal trade-off anal-
ysis is the study of how the objective functions are conflicting, and which Pareto
optimal solutions exist [Boyd and Vandenberghe, 2009].
For problems with two objective functions, i.e., k = 2 in equation (5.5), a set of
Pareto optimal solutions make up an optimal trade-off curve. An optimal trade-off
curve can be parameterized by optimizing the weighted sum of the two objectives
accordingly
minimize
x
f1(x) + λf2(x)
subject to g1(x) ≤ b1
...
gm(x) ≤ bm
(5.6)
where λ > 0 is a constant that determines the relative weight given to objective
function f2(x) compared to f1(x). By solving the problem with different values for
λ, the optimal trade-off curve is generated.
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Mathematical Optimization for
Diet Modeling
This chapter contains the main body of the method of this thesis. It also provides
an overview of applications of mathematical optimization to diet related problems.
First, we motivate the use of mathematical optimization for diet modeling. This is
refereed to as diet optimization in this thesis. Next, we introduce the concepts of diet
optimization by applying the termilogy from the previous chapter. We also divide
diet optimization into four categories. Relevant work from each category is presented
and the work of this thesis is put into this context. Furthermore, we superficially
introduce the models of the three papers of this thesis. All models apply QP to
generate personalized fish intake recommendations that deviate as little as possible
from observed consumption for 3016 Danish adults from DANSDA. The choice of
applying QP is motivated in the discussion chapter.
6.1 Why Applying Mathematical Optimization?
The benefit of applying mathematical optimization methods for problems consider-
ing food and health was recognized a long time ago. One of the earliest optimization
problems is referred to as The diet problem. The diet problem was motivated by the
desire to find the least expensive diet satisfying nutritional requirements to serve
in the US army during the second word war [Stigler, 1945]. Today, optimization
techniques are applied to a variety of modern-day diet problems. Mathematical op-
timization can generate a solution (to a given problem) that fulfill several constraints
simultaneously [Boyd and Vandenberghe, 2009]. This multi-dimensional property of
mathematical optimization is beneficial when approaching the complex nature of diet
problems. Furthermore, these techniques are transparent; they are not introducing
“black box” effects to the studies in which they are applied. Hence, mathematical
optimization allows for combining several dimensions of diet problems in a transpar-
ent manner. A diet optimization problem can be described by the main parameters
which include the optimization variable, the objective function, and the constraints,
and also the target group of the optimization.
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Food item(s) Whole diet
Individual
Food item(s) optimization
on individual level
Whole diet optimization
on individual level
Population
Food item(s) optimization
on population level
Whole diet optimization
on population level
Figure 6.1 Four categories of diet optimization problems.
6.2 The Optimization Variable
The optimization variable (see Equation (5.1)) describes amount of foods to be con-
sumed, e.g., in grams/week. Each element x1, ...,xn of the optimization variable
represent a food item and the number of food items of the optimization variable
determines the dimension of the problem. When one or more food items are de-
scribed in the vector, but not a complete diet, we define the problem as a food item
optimization problem. When a set of food items that can be defined as a complete
diet is represented in the optimization variable, we consider it a whole diet opti-
mization problem.The optimal of a n-dimensional diet problem is the combination
of n food items, e.g. in g/week, that minimize the objective function while fulfill-
ing the constraints. Food subgroups and food groups can also be represented in the
optimization variable if desired, which is further addressed in the discussion.
6.3 The Target Individual/Group
Optimal combinations of food items to be consumed can be generated for one individ-
ual or for a (sub)population. The individual or group of individuals in consideration
is the target or the target group of the optimization problem. When one individual
is the target, we define the problem as optimization on individual level. In this case,
the optimization is performed for each individual in a study population, generating
individual-specific solutions. When a (sub)population is the target group, we con-
sider it optimization on population level. In this case, the optimization is performed
for the average (sub)population, creating one solution for the whole (sub)population.
For this thesis, we divide diet optimization into four categories as illustrated in Fig-
ure 6.1. The categories are divided by 1) number of food items in the optimization
variable 2) number of individuals in the target group.
6.4 The Objective Function and Constraints
The objective function finds the best combination of food items among the alterna-
tive combinations that are defined by the constraints. In the earliest diet problem
from the 1940s, this best combination was defined as the least expensive diet [Stigler,
1945]. Hence, the objective function was set to minimize cost. Other examples of ob-
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jective functions can be: minimize energy content, maximize nutrient content, mini-
mize contaminant content, minimize Greenhouse Gas Emissions (GHGE), minimize
deviation from current observed diet. The last one in this list is commonly applied in
diet optimization studies and also in this thesis. Variations of this objective function
is described below.
The constraints of an optimization problem can be defined by e.g. DRVs, food
intake, food weight, and HBGVs, cost, GHGE. These are represented as inequalities
or equalities (see Equation (5.1)). If two or more constraints are conflicting, no com-
binations of food items can fulfill the constraints and the problem has no solution,
as described in the previous chapter.
6.4.1 Minimize Deviation from Observed Intake
The objective function that minimizes the deviation form observed food consump-
tion, either individual consumption or population average consumption, is commonly
applied in diet optimization studies [Gazan et al., 2018]. The advantage of this ap-
proach is that the behavioral changes necessary are minimized. The modeled intakes
may therefore be more relevant and achievable for the consumers as compared to in-
take levels further from the observed consumption. However, the knowledge on food
choice is limited [Leng et al., 2017; Ko¨, 2009; Nestle et al., 1998] and it is not known
what can be regarded as an acceptable change in food intake. There is no common
definition of deviation from observed food intake and hence the objective function
that minimize this deviation can be implemented differently. The deviation from the
observed consumption on food item level, or change in diet, can be expressed as
x− xobs (6.1)
where the vector x of length n is the optimization variable of a given problem de-
scribing amounts of n number of food items and xobs of length n is the observed
intakes (≥ 0) of the n food items. A commonly used approach in diet optimization is
based upon minimizing the l1–norm of the deviation from the observed consumption
by converting the problem to a LP problem. Another approach is based upon min-
imizing the l2–norm of the deviation from observed consumption. Both approaches
becomes solving an n–dimensional optimization problem. The technicalities of these
two approaches are described below.
Using the l1–norm Minimizing the l1–norm of the deviation from observed con-
sumption is expressed as
minimize
x
‖x− xobs‖1 =
n∑
i=1
|xi − xobs,i| (6.2)
where xobs,i, ...,xobs,n ≥ 0. This approach minimizes the sum of the n absolute
deviations from the observed food item intakes. The objective function above is not
linear, due to the absolute values. However, conversion to an LP can be performed
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accordingly [Boyd and Vandenberghe, 2009]:
minimize
x
n∑
i=1
ti = t1 + · · ·+ tn
subject to − t ≤ x− xobs ≤ t
(6.3)
This linear objective function describes the sum of the elements of a new decision
variable t of length n. A new linear constraint enables this conversion. This con-
straint should be added to the original constraints of the given problem. Minimizing
the l1–norm punishes small deviations in the optimization variable [Boyd and Van-
denberghe, 2009]. Therefore, LP models may result in large change in few elements,
while leaving the others unchanged. In the special case when the observed consump-
tion already fulfills the model constraints, the minimized behavior change is zero,
which means that the optimization gives the solution x = xobs.
Using the l2–norm Minimizing the l2–norm of the deviation from observed con-
sumption is expressed as
minimize
x
‖x− xobs‖2 =
√√√√ n∑
i=1
|xi − xobs,i|2 (6.4)
where xobs,i, ...,xobs,n ≥ 0. This approach minimizes the straight-line distance, which
is the shortest distance, between the optimization variable and the observed con-
sumption. Squaring the objective function above gives an equivalent problem with
the same solution [Boyd and Vandenberghe, 2009]. This problem is quadratic and
convex:
minimize
x
‖x− xobs‖22 =
n∑
i=1
|xi − xobs,i|2 (6.5)
Minimizing the l2–norm punishes large deviations in the optimization variable [Boyd
and Vandenberghe, 2009]. Hence, QP models may give many small changes in all el-
ements of the optimization variable. As for LP, in the special case when the observed
consumption already meets the model constraints, no change is necessary, meaning
that the optimization gives the optimal solution x = xobs.
LP or QP Since there is no common definition of deviation from observed prefer-
ence, the choice of the objective function is an assumption. QP may generate many
small changes in all food items, whereas LP may generate larger changes in fewer
food items. Since the goal is to generate as acceptable behavior changes as possible,
the target individual or group should be considered when making this choice. What
is perceived as acceptable intake changes is probably varying between individuals;
some may prefer several small changes over fewer larger changes, and others the
opposite. The difference between LP and QP is further examined in the discussion
chapter.
Allowing or Not Allowing New Food Items It may or may not be desired to
add new foods items in the modeled intakes. With new food items, we refer to foods
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items that are not currently consumed, or non-observed. Non-observed food items
are represented as zeros in the vector with observed intakes xobs.
If non-observed food items are allowed in the modeled intakes, the objective
functions as defined above do not need modification. If non-observed food items
are not desired in the modeled intakes, some modification is required. There are
two options of dealing with this. One option is to only include observed food items
in the optimization variable x. If p number of food items are not consumed, the
optimization problem becomes (n − p)–dimensional and only the observed intakes
are represented in the vector with observed intakes xobs. Hence, all elements of
this vector are greater than zero, xobs,1, ...,xobs,(n−p) > 0. Another option is to not
change the dimension of the optimization problem, but instead add constraints on
the non-observed food items. Then, non-observed foods can be represented in the
optimization variable x and the elements of the vector with observed intakes, xobs,
can be both zero and greater than zero. All elements x1, ...,xn of the optimization
variable that correspond to non-observed food items are then set to zero with equality
constraints.
Minimize Relative Deviation An alternative approach to model achievable
food intake amounts is to minimize the relative deviation from the observed in-
take. The relative deviation between a number x and a reference number, i.e., the
observed intake in this application, xobs, is expressed as:∣∣∣∣x− xobsxobs
∣∣∣∣ (6.6)
Minimizing this relative deviation with the l1–norm is expressed as:
minimize
x
n∑
i=1
∣∣∣∣xi − xobs,ixobs,i
∣∣∣∣ (6.7)
With the l2–norm, the objective function becomes:
minimize
x
√√√√ n∑
i=1
∣∣∣∣xi − xobs,ixobs,i
∣∣∣∣2 (6.8)
Note that, if an observed intake is zero, this gives division with zero, which is not
possible. When only observed food items are allowed in the modeled intake, this
is not an issue since all elements xobs,1, ...,xobs,(n−p) are greater than zero. In the
case when non-observed foods are allowed in the modeled intake, this can be dealt
with by replacing all denominators that equal zero with 1. Dividing the deviation
from the observed intake |x− xobs| by the observed intake xobs for each food item
is referred to as “standardize the difference across foods” [Darmon et al., 2002a;
Maillot et al., 2009], or “standardize quantities across foods” [Maillot et al., 2010]
in the literature.
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6.5 Applications
The choice of optimization variable, objective function, constraints, and target group
defines the problem to be solved and thereby the application. Diet optimization
problems can be endlessly-varied. Below follows a list of examples of question that
have been answered in diet optimization studies:
 What is the least expensive nutritionally adequate diet? [Chastre et al., 2007;
Deptford et al., 2017]
 Can low price, low climate impact and high nutritional value be combined in
one shopping basket? [Van Dooren et al., 2015]
 What is the optimal nutrient-dense nutritionally adequate diet? [Darmon et
al., 2002b]
 Do economic constraints encourage the selection of energy-dense diets? [Dar-
mon et al., 2003]
 Which dietary changes are needed to achieve nutritional adequacy without
increasing diet cost and how are they related to income? [Maillot et al., 2017]
 Which dietary changes are needed to achieve nutritional adequacy while max-
imum of 10% energy are allowed to come from free sugars? [Lluch et al.,
2017]
 How low can dietary GHGE be reduced without impairing nutritional ade-
quacy, affordability and acceptability of the diet? [Perignon et al., 2016]
 Which dietary changes are needed to achieve nutritional adequacy and lower
environmental impact? [Horgan et al., 2016; Tyszler et al., 2016; Kramer et al.,
2017a]
 Are dietary changes needed to improve diet sustainability similar across Eu-
rope? [Vieux et al., 2018]
 How does nutrient bioavailability and co-production links impact the dietary
changes required to improve diet sustainability? [Barre´ et al., 2018]
6.5.1 Sustainable Diets
As defined by FAO, sustainable diets are those diets with low environmental im-
pacts which contribute to food and nutrition security and to healthy life for present
and future generations. Sustainable diets are protective and respectful of biodiversity
and ecosystems, culturally acceptable, accessible, economically fair and affordable;
nutritionally adequate, safe and healthy; while optimizing natural and human re-
sources [FAO, 2012]. Hence, there are several dimensions of diet sustainability. In
2018, a review paper on mathematical optimization in relation to sustainable di-
ets was published [Gazan et al., 2018]. The focus of the study was to provide an
overview of the best practices when modeling sustainable diets. The same year, a
29
Chapter 6. Mathematical Optimization for Diet Modeling
review paper on the application of LP to optimize diets with nutritional, economic,
and environmental constraints [Van Dooren, 2018]. The focus of this study was to
describe LP applications and developments in the search for constraints, with a focus
on the environmental dimension of diet sustainability. Both reviews provide detailed
tables describing the studies included.
The review on mathematical optimization and sustainability [Gazan et al., 2018]
included 67 whole diet optimization studies on individual and population level (cat-
egories B and D in Figure 6.1) that assessed at least two dimensions of diet sus-
tainability. All 67 reviewed studies included the nutrition (nutritionally adequate)
and cultural (culturally acceptable) dimensions of diet sustainability and some also
assessed the economical (economically fair and affordable) and/or environmental
(protective and respectful of biodiversity and ecosystems) dimensions. The nutrition
dimension was typically studied through DRVs constraints. The cultural dimen-
sion was studied in various ways. Some studies applied acceptability constraints,
or food-habit constraints, by imposing minimum and maximum intake amounts of
foods items or food groups based on the observed diets. Other studies used the ob-
jective function for accounting for acceptability, by minimizing the deviation from
the observed diets. The later was assumed to be the best method to model accept-
able diets. The economical dimension was studied by including diet cost in the the
modeling and the environmental dimension was assessed by inclusion of at least
one environmental metric. Examples of such are GHGE, land use, and water use.
A few studies expanded the healthy and safe dimension by accounting for nutrient
bio-availability or including HBGVs constraints. The overall conclusion of the re-
view was that diet optimization can be an useful tool for developing dietary advice,
for considering food security issues, as well as for promoting sustainable dietary
patterns. The importance of carefully choosing the model parameters (optimization
variable, objective function, and constraints) and input data was emphasized, along
with the need for expertise in interpretation and communication of the results. The
review suggests that future research should investigate the choice of metrics used for
modeling sustainable diets, especially regarding the cultural dimension.
The review on applications of LP to optimize diets with nutritional, economic,
and environmental constraints [Van Dooren, 2018] included 52 studies. This review
focused on the constraints, with detailed focus on the environmental constraint.
All of the 52 reviewed papers included nutrient constraints, 20 included cost con-
straints, 15 included environment constraints, and 6 included acceptability con-
straints. Like [Gazan et al., 2018], this review concluded that LP is a useful tool
for development of dietary guidelines. The review emphasized the future potential
of including nutritional, cost, environmental, and acceptability constraints, i.e., com-
bine several dimensions of diet sustainability.
In the following sections, the work of this thesis and diet optimization studies
from other categories (Figure 6.1) that are closely connected to this thesis are pre-
sented. We exploit the connection between this thesis and the related studies from
the other categories and address which dimensions of diet sustainability that the
studies analyze, using the definition from FAO [FAO, 2012].
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6.5.2 Food Item Optimization on Individual Level
The work of this thesis falls under this category. In the developed models, which
are introduced later in this chapter, fish species represent the food items and the
optimization was performed on individual level with a target group of 3016 Danish
adults. In Papers A and B, we apply QP to minimize the deviation from individual
observed fish intake. In Paper C, we minimize deviation from individual observed
intake and cost of fish intake simultaneously by applying a multi-objective QP model.
Papers A and B assess the nutrition and the cultural dimension of diet sustainability.
Paper C includes an additional dimension in the analysis, namely the economic
dimension. All three papers expand the healthy and safe aspect of diet sustainability
by including contaminant constraints.
6.5.3 Whole Diet Optimization on Individual Level
This category of diet optimization has for example been applied in two studies with
a target group of 1711 French adults [Maillot et al., 2009; Maillot et al., 2010].
In these studies, LP models were used to minimize the deviation from individual
observed diets. Standardization across foods was applied and nutrient, energy, total
diet weight, and food quantity constraints were included. Hence, the cultural and
nutrition dimensions of diet sustainability were considered in these studies.
The first study [Maillot et al., 2009] assessed and characterized model feasibility.
It was concluded that 78% of the study population could not fulfill all constraints
by eating only combinations of their currently consumed food items. The study
also characterized the relation between nutrients and feasibility. The results showed
that the vitamin D constraint was the most difficult to fulfill. When ignoring the
vitamin D constraint, the number of feasible solutions were doubled. When all foods
items that were reported by the study population were allowed in the optimized
diets, a feasible diet could be generated for all individuals. In Papers A and B of this
thesis, we compared the difference in feasibility between a model that allowed new
fish species in the optimized intakes and a model that only allowed species currently
consumed by the individual. In Paper B, we analyzed the vitamin D constraint for
the Danish population.
The second study [Maillot et al., 2010] described the dietary changes the 1711
individuals had to make in order to meet the constraints. New food items were
allowed in the optimized diets, but limited as much as possible in favor for foods
that the individuals already consumed. Food items most frequently consumed by the
study population were assumed to be the food items most likely to be accepted as
new foods by the individuals. A weight that ensured this selection of new foods was
implemented in the model. This study concluded that there were several options to
fulfill the constraints. For half of the individuals, less than five currently consumed
food items had to be replaced by new food items. Papers A and B of this thesis
had a similar focus as this french study [Maillot et al., 2010]: to describe advisable
changes in fish intake for 3016 Danes.
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6.5.4 Food Item Optimization on Population Level
This category of diet optimization has for example been applied to model optimal
seafood intake for the French adult population [Sirot et al., 2012b]. In this study, two
LP models were applied: one that minimize inorganic arsenic content and one that
maximize vitamin D content. The model constraints were based on recommendations
for the nutrients Eicosapentaenoic Acid (EPA), Docosahexaenoic Acid (DHA), sele-
nium, and iron, safety limits for the nutrients zink, cadmium, and copper, and tol-
erable intake levels for the contaminants methyl mercury, dioxins+dl-PCBs, iPCB,
and cadmium. The limits for the constraints were subtracted with the average back-
ground exposure to these nutrients and contaminants due to consumption of other
foods than seafood. A constraint was also set to limit the fatty fish intake. This
study considered the nutrition dimension of diet sustainability, while it expanded
the healthy and safe aspect by including contaminant constraints. All papers of this
thesis modeled fish intake and included the nutrients EPA+DHA, and vitamin D
and the contaminants methyl mercury, dioxin+dl-PCBs. In Paper A, background
exposure is dealt with in a similar manner as for this French study [Sirot et al.,
2012b] by using average values, whereas in Paper B and C, individual background
intakes/exposures were calculated.
6.5.5 Whole Diet Optimization on Population Level
This category of diet optimization has for example been applied in order to asses
compatibility between nutritional adequacy and acceptable food contaminant expo-
sure in the French adult population [Barre´ et al., 2016]. In this study, an LP model
was used to minimize the deviation from the observed average diet in the target
group. Standardization across foods was applied and nutrient, contaminant, energy,
total diet weight, and food quantity constraints were included. Hence, the cultural
and nutrition dimensions of diet sustainability were considered, while the study ex-
panded the healthy and safe dimension through the contaminant constraint. It was
concluded that the dietary changes needed to reach nutritional adequacy were com-
patible with food contaminant exposures lower than the contaminant limit values
at population level. Specific food choices that made it possible to meet nutrient
recommendations without increasing observed exposures to dietary contaminants in
the French population was identified. All papers of this thesis included the same
dimensions of diet sustainability as this study [Barre´ et al., 2016], by considering
nutrient and contaminant constraints.
Another study that applied this category of diet optimization investigated the
impact of diet cost on food selection patterns and diet quality [Darmon et al., 2002a].
In this study, an LP model was used to minimize the deviation from the observed
average diet in the French population, while a constraint on cost was gradually
strengthened in order to limit the total diet cost. Constraints that limited portion
size and the amount of energy from food groups were also included in the model.
The impact of the cost constraint on the nutrient content was analyzed. Hence, the
cultural, nutrition, and economical dimensions of diet sustainability were consid-
ered. This study showed that a simple cost constraint influences food selection in
ways that decrease nutrient density. Forcing the cost to decrease also increased the
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distance from the average observed diet. Paper C of this thesis also investigated the
economical dimension, but instead by simultaneously minimizing the deviation from
observed fish intakes and cost of fish.
6.6 Developing the Models
A schematic overview of the models developed in thesis is shown in Figure 6.2.
We implemented the models in the programming platform Matlab (R2015b, version
8.6). To solve the problems, CVX is used, a Matlab package for specifying and
solving convex programs [Grant and Boyd, 2013]. Even though software applications
for diet optimization are available, such as Optifood [Daelmans et al., 2013] and
Optimeal [Broekema et al., 2019], these were not useful because they have been
coded for handling a limited number of metrics and equations. In addition, tools for
optimization on individual level are not yet available [Gazan et al., 2018].
6.6.1 Paper A and B
The QP models of Papers A and B can be formulated as
minimize Deviation from individual observed fish intake
subject to Nutritient constraints
Contaminant constraints
Individual observed fish intake is defined as personal fish preference. The models
allow new fish species in the modeled recommendation, but can also be modified to
only allow spices that are currently consumed by the individual in the output advice.
The nutrient constraints are based on DRVs for EPA+DHA and vitamin D and the
contaminant constraints are based on HBGVs for methyl mercury and dioxin+dl-
PCBs.
6.6.2 Paper C
The QP model of Paper C can be formulated as
minimize Deviation from individual observed fish intake and cost of fish intake
subject to Nutritient constraints
Contaminant constraints
This model is derived from a multi-objective optimization model with two objective
functions; one that minimizes deviation from observed intake, and one that mini-
mizes cost. By varying the relative importance of the cost, an optimal trade-off curve
between personal preference and cost can be generated. The model allows new fish
species in the modeled recommendation.
An LP model was applied for comparison with the QP model of Paper C. The
LP model (not shown in Figure 6.2) has following objective function:
minimize Cost of fish intake
Both models of Paper C apply the same constraints as the models of Paper A and B.
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Limits
DRVs(3)
HBGVs(4)
Food data
Nutrient compositions(1)
Contaminant concentrations(2)
Prices(8)*
Individual data
Observed fish intakes(5)
Background intakes(6)
Body weights(7)
QP optimization model
Mimimize deviation from
personal preferecne(5) (and cost(8))*
subject to nutrient(1,3,6) and
contaminant constraints(2,4,6,7)
Results
Personalized fish intake
recomendations
Figure 6.2 Schematic overview of models of this thesis. The input data is di-
vided into three categories: food data, limits, and individual data. The numbers in
parenthesis indicate where in the model the input is used. The model is solves a
quadratic programming problem. The model output, the results, are personalized
intake recommendations. *Only for Paper C.
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Abstract
Background: Recommended fish intake differs substantially from observed fish intake. In Denmark, ∼15% of the pop-
ulation consumes the state-recommended fish intake. How much fish individuals eat varies greatly, and this variation
cannot be captured by considering the fish intake of the average population.
Objective:We developed a method intended to provide realistic and achievable personalized dietary recommendations
based on an individual’s bodyweight and current fish intake. The objective of the studywas to propose specific fish intake
levels for individuals that meet the recommendations for eicosapentaenoic acid, docosahexaenoic acid, and vitamin D
without violating the permitted intake recommendations for methyl mercury, dioxins, and polychlorinated biphenyls.
Methods: Two mathematical optimization models were developed that apply quadratic programming to model person-
alized recommended fish intake, fulfilling criteria on nutrients and contaminants, while simultaneously deviating as little
as possible from observed individual intake. A recommended intake for 8 fish species was generated for each individual
in a group of 3016 Danes (1552 women and 1464 men, aged 18–75 y), whose fish intakes and body weights were known
from a national dietary survey.
Results: Individual, personal dietary recommendations were successfully modeled. Modeled fish intake levels were
compared to observed fish intakes. For women, the average proposed increase in fish intake was 14 g/wk for lean fish
and 63 g/wk for fatty fish; and for men these numbers were 12 and 55 g/wk, respectively.
Conclusions: Using fish intake as an example, we show how quadratic programming models may be used to advise
individual consumers how to optimize their diet, taking both benefits and risks into account. This approach has the
potential to increase compliance with dietary guidelines by targeting the individual consumers and minimizing the need
for large and ultimately unrealistic behavior changes. J Nutr 2018;148:275–284.
Keywords: dietary habits, diet optimization model, quadratic programming, risk-benefit assessment, Denmark,
adults, nutrients, contaminants
Introduction
Research into the risk-benefit assessment of foods focuses on
comparing food-related health risks and benefits (1–3). Today,
∼70%of all risk-benefit assessments of foods include analysis of
fish (1, 4–8). Fish is associated with health benefits, mainly due
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to its content of the essential long-chain FAs EPA and DHA, but
also to the vitamins and minerals it contains. However, as fish is
a significant source of methyl mercury and organic pollutants,
the health risks from consuming it need to be critically consid-
ered. According to a risk-benefit assessment of fish in the Nor-
wegian diet (6), the positive health effects from fish consumption
are due in particular to its content of the nutrients EPA, DHA,
and vitamin D, whereas methyl mercury, dioxins, and dioxin-
like polychlorinated biphenyls (dl-PCBs) are contaminants of
fish that pose a significant risk to human health. These nutri-
ents and contaminants represent the benefits and risks included
in this study, based on the assumption that the Danish diet is
comparable to the Norwegian diet. Hence, a fish intake that
fulfills the requirements for these nutrients is defined as healthy;
similarly, a fish intake that limits these contaminants to agreed
levels is defined as safe.
Risk-benefit assessments have shown that the health ben-
efits of fish consumption outweigh the potential risks in a
© 2018 American Society for Nutrition. All rights reserved.
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population (4, 6). Based on this, the recommended in-
take of fish in the Danish official dietary guidelines is 350
g/wk, of which 200 g should be fatty fish (9). Species
with fat content >5% are classified as fatty fish (6). How-
ever, most Danes do not meet these guidelines. According
to the Danish national survey of diet and physical activ-
ity (DANSDA) (unpublished data, 2011–2013), the ob-
served average fish intake in Denmark (n = 3016, ages
18–75 y) was 222 g/wk, of which 120 g was fatty fish. The SD
of total fish intake was 228 g/wk. This large variation is partly
due to 329 individuals (11%) in the study population who did
not report any fish intake. Furthermore, only 445 (15%) of
the individuals consumed the Danish official dietary guideline
recommendations on fish.
Mathematical optimization has previously been used to an-
alyze if and how diets could be changed to fulfill several health-
related criteria, both on the population level (10, 11) and for in-
dividuals (12, 13).Many previous diet optimization studies have
constructed food intake to meet several criteria, while simulta-
neously deviating as little as possible from the observed intake.
The argument for this approach is that new intakes that differ
least from current intakes are the most realistic and achievable
for consumers.
Previous fish intake optimizations and risk-benefit assess-
ments of fish have studied average population fish intake (5, 6)
and random fish intake scenarios (4). In this study, self-reported
fish intakes for 3016 individuals were considered, and from
these a personalized recommended fish intake was calculated
for each individual in the study population. Since personal rec-
ommendations were of interest, the intake for each individual in
the study population was optimized separately and no inference
to the rest of the population was made. Quadratic program-
ming techniques were used rather than linear programming
as has been used in several previous diet optimization studies
(5, 10–13).
We developed a method intended to provide realistic and
achievable personalized dietary recommendations based on an
individual’s body weight and current reported intake. The ob-
jective of the study was to propose specific fish intake levels for
individuals that meet the recommendations for EPA, DHA, and
vitamin D without violating the permitted intake recommenda-
tions for methyl mercury, dioxins, and dl-PCBs. By minimizing
the need for large and ultimately unrealistic behavior changes, a
new intake was generated for each individual in the study popu-
lation, i.e., the selected DANSDA study participants (n = 3016,
ages 18–75 y). Since fish may not be the only source of the nu-
trients and contaminants considered, different background ex-
posure scenarios were compared.
Methods
Amathematical optimization model minimizes (or maximizes) an objec-
tive function subject to constraints. The optimization variable that min-
imizes (or maximizes) the objective function with respect to the given
constraints is the solution to the problem. A quadratic programming
problem has a quadratic objective function and linear constraints, and
is a special case of the general convex optimization problem: optimiza-
tion of a convex function over a convex set. This convexity property
guarantees that a minimum (or maximum) found is a global minimum
(or maximum) (14). Furthermore, the objective function of a quadratic
problem is strictly convex, which guarantees that a minimum found is
a unique global minimum.
Two mathematical quadratic programming models were developed,
which differ by one constraint only. The optimization variable of the
models denotes weekly intake amounts of different types of fish for
one individual. The objective function minimizes the sum of the square
of the deviations between the observed intake (from individual intake
data) and the optimized (by the model) intake. The constraints ensure
that the optimized intake meets weekly lower limits on the nutrients
EPA + DHA and vitamin D, without violating weekly upper limits on
the contaminants methyl mercury and dioxins + dl-PCBs. The first is a
quadratic programmingmodel allowing all species of fish in themodeled
intake (QP), whereas the second only allows reported fish in the mod-
eled intake (QPr). For each individual, a nonreported fish is a species of
which she or he reported a zero intake. Hence, for an individual who
does not consume fish, all species of fish are nonreported. The QPmodel
was considered to be the most relevant because the observed intakes
were 7-d estimated records and other species of fish may well have been
consumed by an individual during another week.
The models were run both as 2-dimensional (2D) and 8-dimensional
(8D) models. The 2D models optimize the subgroups lean and fatty
fish, whereas the 8D models optimize the 4 most-consumed fish species
per subgroup. The intakes of the study population, obtained from
DANSDA, are reported at the species level. Species with fat con-
tent >5% are classified as fatty fish (6). For the 2D models, the reported
intake of one individual is translated to amounts of lean and fatty fish
by this classification.
Quadratic programming models
The QP models are expressed as
minimize
x
f (x, xobs )
subject to Bx ≥ b (1a)
Rx ≤ r (1b)
x ≥ 0 (1c)
where the vector x (d × 1) is the optimization variable representing
weekly intake amounts of d different fish species or subgroups of fish
species; the vector xobs (d × 1) is a constant vector describing the cor-
responding observed intake amounts of an individual; and inequalities
(1a)–(1c) are the constraints of the problem. Besides (possible) addi-
tional equality constraints in (1c), QPr is identical to QP. The function
f(x, xobs) is the objective function of the problem. The variable d deter-
mines the dimension of the problem. In this study, the models were run
with both d = 2 and d = 8. For d = 2, the 2 elements of the vector x
denote the subgroups lean and fatty fish. For d= 8, the 8 elements of the
vector denote the 8 species of fish included in the study: cod, plaice, tuna,
and “other lean”; and salmon, herring, mackerel, and “other fatty”.
Linear constraints. The vector b (m × 1) in constraint (1a) defines
the weekly lower limits for m different nutrient intake amounts con-
tributed by fish. These are weekly recommendations for the nutrients
scaled for background exposure, as fish probably are not the only
source of the nutrients. In this study, m = 2 (EPA + DHA and vitamin
D). The vector r (k × 1) in constraint (1b) defines the weekly upper
limits for k different contaminant intake amounts from fish. These are
permissible weekly intakes of the contaminants, also scaled for back-
ground exposure. In this study, k = 2 (methyl mercury and dioxins +
dl-PCBs), and each individual gets a specific r vector, defined by her
or his body weight. The matrix B (m × d) in constraint (1a) describes
the mean concentrations of m nutrients for the n different (subgroups
of) fish species. Similarly, the matrix R (k × d) in constraint (1b)
describes the mean concentrations of k contaminants. Consequently,
the matrix product Bx (m × 1) represents the weekly intake amounts
of nutrients from fish, and the matrix product Rx (k × 1) represents the
weekly intake amounts of contaminants from fish. The constraint (1c)
ensures that no negative intakes occur. For the QPr model, elements
of constraint (1c) corresponding to nonreported (subgroups of) fish
species are set equal to zero, instead of greater than or equal to zero.
All feasible vectors x (i.e., vectors that satisfy the constraints) make
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FIGURE 1 Observed fish intake of 3016 participants, 1552 women (A) and 1464 men (B), aged 18–75 y from the DANSDA study. Danish
guidelines are provided in (9). DANSDA, Danish national survey of diet and physical activity.
up the feasible region of the problem. Among the feasible vectors,
the vector that optimizes the objective functions is the solution to the
problem.
Quadratic objective function. The objective function is defined as
the L2-norm of x – xobs (the Euclidean distance between x and xobs).
f (x, xobs ) =
∥∥x − xobs
∥∥
2
=
√
|x1 − xobs,1|2 + |x2 − xobs,2|2 + . . . + |xn − xobs,d|2
(2)
The objective function is minimized. Minimizing
√
x gives the same op-
timal solution as minimizing x, and when x is real-valued |x|2 = x2.
Hence, for this problem, the objective function can be rewritten as a
quadratic function:
f (x, xobs ) = (x1 − xobs,1)2 + (x2 − xobs,2)2
+ . . . + (xn − xobs,d)2 (3)
Each individual gets a specific objective function, defined by her or his
observed intake amounts xobs,1, xobs,2, …, xobs, d. Observe that the ob-
jective function is strictly convex andminimized over a convex set, hence
a unique global minimum exists.
Observed intake data
Current fish intakes at the species level (7-d estimated records) and
self-reported body weights were obtained from DANSDA (unpublished
data, 2011–13). Individuals aged <18 y were excluded, which resulted
in a dataset of 3016 individuals (1552 women and 1464 men), aged
18–75 y. There were 47 missing values in body weight among the 3016
individuals in the study population. For those 47 individuals (16 men
and 31 women) the gender-specific mean for body weight was used:
69.7 kg for women and 84.4 kg for men. Mean daily intakes were con-
verted to mean weekly intakes by multiplying the mean daily intake
by 7.
For each subgroup (lean and fatty fish), the 3 most-consumed
species were selected and the remaining species were classified as
“other.” As eel is considered critically endangered, and the marketing
and consumption of European eel is controversial, it was therefore
excluded from this study. The individual observed weekly fish intakes
along with the recommendation in the Danish official dietary guidelines
are shown in Figure 1, and the statistics of the intakes are shown in
Table 1.
Constraint data
Concentrations. Nutrient concentration data were obtained from
the Danish food composition database (15). Mean nutrient concentra-
tions were available for different species or subcategories of fish species.
Contaminant concentration data were obtained from the EFSA Circle of
Trust initiative (16). For mercury, concentrations for several samples per
fish species, along with limit of detection (LOD) and limit of quantifica-
tion (LOQ) values, were available. For dioxins + dl-PCBs, lower-bound
(LB) and upper-bound (UB) values were available for several samples
per fish species. In this study, conservative estimates for the contami-
nants were used: total mercury was regarded as methyl mercury, and
for dioxins + dl-PCBs, the UB values were used for each sample. It is
generally found that about 80–100% of total mercury in fish is methyl
mercury (17), and UBs most likely represent an overestimate of the true
values (6). For mercury samples with low concentrations, and hence no
data values, the mean of LOD and LOQ was used. The means of the
sample concentrations were used as mean contaminant concentrations
in this study.
For some species of fish, intake data on subcategories were avail-
able. For example, intake data for both raw and smoked salmon were
available. In those cases, the weighted arithmetic mean, with mean ob-
served intake for the different categories serving as weights, was cal-
culated as the mean concentration for the species. For the subgroups
lean and fatty fish, mean nutrient and contaminant concentrations were
also calculated as weighted arithmetic means for women and men. For
the subgroup “other lean” fish, concentration data for flounder, repre-
senting 86% of that group, was used. Similarly, for “other fatty” fish,
concentration data for trout, representing 87% of that group, was used.
The mean concentrations used in this study are shown in Table 2.
Nutrition-based recommendations. Recommended daily in-
takes for EPA+DHA (18) and vitamin D (19) are shown inTable 3 and
converted to weekly values. For vitamin D, there is an upper level of 100
µg/d (20). In this study, this upper level was neglected after establishing
that the contaminant constraints were limiting the fish intake amount
long before that level was reached.
Contamination-based permissible intakes. Permissible
weekly intakes, by body weight, of methyl mercury (17) and diox-
ins + dl-PCBs (21) are shown in Table 3. The per–body weight values
were converted to individual values by multiplication by the self-
reported body weights, or by mean body weight when no body weight
was reported.
Background exposures. Since sources other than fish may pro-
vide nutrients and contaminants, the recommended daily intakes
and permitted weekly intakes were multiplied by the scaling factor:
100 – background exposure (in percentages). The background expo-
sure is not easily quantified because it is dependent on the overall
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TABLE 1 Observed fish intake of 3016 participants (1552 women and 1464 men) aged 18–75 y from the DANSDA
study1
Women Men
Mean ± SD, g/wk Median (IQR), g/wk nr Mean ± SD, g/wk Median (IQR), g/wk nr
Total 200 ± 193 149 (241) 1408 245 ± 258 181 (318) 1297
Lean fish (≤5% fat) 92 ± 118 50 (138) 1158 111 ± 155 53 (174) 1065
Cod 37 ± 72 0 (46) 703 40 ± 81 0 (46) 609
Plaice 25 ± 66 0 (9.7) 408 34 ± 101 0 (9.7) 387
Tuna 21 ± 49 0 (15) 753 25 ± 64 0 (19) 698
Other lean 8.9 ± 28 0 (0) 246 13 ± 41 0 (0) 261
Fatty fish (>5% fat) 108 ± 138 58 (161) 1231 134 ± 191 50 (197) 1089
Salmon 41 ± 68 8.6 (54) 924 42 ± 77 0 (45) 728
Herring 31 ± 63 1.4 (38) 860 49 ± 103 0.72 (54) 783
Mackerel 23 ± 40 9.2 (33) 947 31 ± 57 9.2 (37) 832
Other fatty 12 ± 25 0 (8.0) 697 13 ± 31 0 (4.4) 551
1The observed fish intakes are not normally distributed, according to the Lilliefors test at a significance level of 5%. DANSDA, Danish national survey of diet and
physical activity; nr, number of individuals with reported intake.
diet of the individual and on potential environmental exposure. There-
fore, the impact of background exposure was assessed by scenario anal-
ysis.
A baseline scenario was defined, indicating the most likely back-
ground exposure. The background exposures from a French study (5)
of EPA + DHA, methyl mercury, and dioxins + dl-PCBs were used. For
vitamin D, the value 39% was not considered representative for Den-
mark, and it gave no feasible solutions. Therefore, a higher background
exposure was used. The mean intake of vitamin D in Denmark is 4.8
µg/d (22), and this intake is considered to provide sufficiently high con-
centrations of vitamin D in the population. Fish is assumed to contribute
50% of the vitamin D intake in Denmark (23), and therefore it was as-
sumed that Danes acquire 2.4 µg/d from sources other than fish. Hence,
the limit value in the baseline was set as 2.4 µg/d. This corresponds to
76% background exposure with a recommended intake of 10 µg/d.
Furthermore, to study the importance of the assumptions on the
background exposures, 8 alternative background exposure scenarios
were defined and studied, by visual comparison of the feasible region
for different scenarios. The scaling factor values for background ex-
posures for the baseline and the alternatives are given in Table 4. For
vitamin D, 3 alternatives were chosen because the background exposure
of vitamin D is partly dependent on the contribution from sunlight, and
is therefore highly uncertain. EPA and DHA are well known to come
mainly from fish, and therefore only one alternative was chosen. The
background exposure from dioxins and dl-PCBs is more uncertain, and
hence 2 alternatives were chosen. Fish is known to be the only significant
source of methyl mercury, hence only the baseline was considered.
Software
The models were implemented, and statistical analyses per-
formed, in Matlab R2015b (version 8.6). CVX, a package for
specifying and solving convex programs, was used to solve the
problems (24).
Statistical analysis
The Lilliefors test for normality was run for observed and modeled fish
intakes. The equality between the medians of the modeled and observed
intakes was tested using a Wilcoxon matched-pairs signed-rank test. All
tests were run with a significance level of α = 5%.
Results
This section is divided between the 2D and 8D models. The
modeled intakes represent a proposed fish intake for each
individual in the study population. The baseline scenario
(Table 4) is the background exposure used for all modeled
intakes.
2D models: subgroups lean and fatty fish (d = 2)
Feasible regions. The feasible regions with baseline back-
ground exposure for the average-weight woman (69.7 kg) and
average-weight man (84.4 kg) (Figure 2) are created by the
lower nutrient constraints and the upper contaminant con-
straints. The recommended fish intake in Denmark meets all
constraints of the model for both women and men. For men,
the feasible region is larger than for women because the upper
contaminant constraints are body-weight dependent. The feasi-
ble regions for the 8 alternative background exposure scenarios
TABLE 2 Nutrient and contaminant concentrations for fish used in this study1
EPA + DHA, mg/g Vitamin D, µg/g Methyl mercury, µg/g Dioxins + dl-PCBs, pg TEQ/g
Lean fish (≤5% fat)
Cod 3.1 0.043 0.091 ± 0.085 0.27 ± 0.48
Plaice 6.0 0.011 0.061 ± 0.071 0.75 ± 0.96
Tuna 2.0 0.027 0.22 ± 0.27 1.2 ± 4.0
Other lean 4.2 0.0080 0.082 ± 0.055 0.69
Fatty fish (>5% fat)
Salmon 16 0.079 0.034 ± 0.034 1.1 ± 2.2
Herring 18 0.095 0.029 ± 0.024 1.4 ± 0.89
Mackerel 26 0.044 0.081 ± 0.11 2.6 ± 1.9
Other fatty 14 0.16 0.034 ± 0.034 1.1 ± 2.2
1Values are means ± SDs or means only (when SDs were not available). dl-PCBs, dioxin-like polychlorinated biphenyls; TEQ,
toxic equivalent.
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TABLE 3 Recommendations for nutrients and contaminants
used in this study1
Value Reference
Recommended daily intake
EPA + DHA, mg/d 250 (18)
Vitamin D, µg/d 10 (19)
Permissible weekly intake
Methyl mercury, µg · kg BW−1 · wk−1 1.3 (17)
Dioxins + dl-PCBs, pg TEQ · kg BW−1 · wk−1 14 (21)
1BW, body weight; dl-PCBs, dioxin-like polychlorinated biphenyls; TEQ, toxic
equivalent.
(Table 4) for the average-weight woman (Figure 3) show the
variation due to background exposure (the variation is similar
for women and men). The feasible region for scenario D is iden-
tical to the baseline feasible region (Figure 2A) since the vitamin
D constraint is the lower limit and a lower background exposure
of EPA + DHA does not affect the region. The recommended
fish intake in Denmark lies within the feasible region for scenar-
ios B–G. Typically, scenarios A and H have a lower background
exposure of vitamin D. The increased demand for vitamin D re-
quires a high intake of fish that may lead to the permitted weekly
intake of dioxins + dl-PCBs being exceeded.
Modeled intakes. With the 2DQPmodel, all 3016 individuals
had feasible solutions. The mean ± SD suggested an increase in
fish intake (delta intake) for women of 25 ± 30 g of lean fish/wk
and 80 ± 90 g of fatty fish/wk; and for men these numbers were
21 ± 41 g/wk and 73 ± 116 g/wk, respectively (Figure 4, Sup-
plemental Table 1). The vitamin D constraint often determines
the proposed increase in fish intake for those who currently con-
sume too little fish. This results in a line of points on the figures,
as the lower vitamin D constraint is not body-weight dependent.
Some individuals consuming large amounts of fish are advised
to reduce their fish consumption due to the upper constraints of
the contaminants. This does not occur as a line of points, as it
occurs less frequently and the individual constraints differ due
to the variation in body weight.
With the 2D QPr model, an optimized intake was found for
1397 women and 1279 men. Hence, there was no combination
of the reported intake of lean and fatty fish meeting all con-
straints for 340 individuals. These individuals need to expand
their fish intake repertoire to achieve feasible solutions. The re-
sults are available in Supplemental Table 2.
The cumulative distributions for the difference between
modeled and observed intake (delta intake) with the 2D QP and
QPr models for women are shown in Figure 5. For men, the fig-
ures are similar and hence are not shown. For example, looking
at the QP model, 20% of the women should increase their lean
fish intake by >53 g/wk (this number is found by reading the
delta intake corresponding to the y= 0.8 for the lean fish curve).
Both the QP and QPr models suggest a larger change in intake
of fatty fish than of lean. For the QPr model, note that there
is a sharp edge in the lean fish curve for individuals advised to
increase their lean fish intake by >50 g/wk. These individuals
receive a zero delta intake of fatty fish from the models, so they
are suggested to increase their lean fish intake more. In addition,
note that the maximum delta intake of lean fish for the QPr
model is 615 g/wk, compared to 179 g/wk for the QP model.
As shown in the feasible region for the average-weight woman
(Figure 2A), the minimum feasible intake of lean fish, when not
consuming fatty fish, is 622 g/wk. Hence, a woman who did re-
port 7 g of lean fish/wk is advised to increase her lean fish intake
by 615 g/wk by the QPr model.
8D models: 8 species of fish (d = 8)
Modeled intakes. With the 8DQPmodel, all 3016 individuals
had feasible solutions. The mean ± SD suggested an increase in
fish intake (delta intake) for women of 14 ± 24 g of lean fish/wk
and 63 ± 75 g of fatty fish/wk; and for men these numbers were
12 ± 35 g/wk and 55 ± 103 g/wk, respectively (Supplemental
Table 3). The 3016 modeled intakes of the 8D QP model
are plotted in 2 dimensions by summing the species of lean
and fatty fish, respectively (compared to the 2D models in
which lean and fatty fish were the optimization variables) (see
Figure 6). Lower intakes do not create as clear a line as for the
2D models (Figure 4): a result of the 8-dimensionality, which
implies higher flexibility.
With the 8D QPr model, which only allows reported species
in the modeled intake, an optimized intake was found for 1262
women and 1124 men. The results are given in Supplemental
Table 4.
The cumulative distributions for delta intake for the 8D QP
model are shown in Figure 7. As the cumulative distributions
look similar for women and men, only those for women are
shown. For fatty fish species, the model suggests the largest
change in intake for the category “other fatty,”which represents
trout. For lean fish species, cod is suggested to be increased the
most.
Discussion
This study shows how mathematical optimization, specifically
quadratic programming, can be used to derive individualized
food intake to ensure a healthy and safe consumption pattern.
This is illustrated for fish, using fish consumption data of
3016 Danes. For each individual, a proposed fish intake that
differs the least from her or his current intake, while meeting
several criteria concerning nutrients and contaminants, was
modeled. The 8 most-consumed fish species in Denmark were
considered. Allowing nonreported species in the modeled
TABLE 4 Background exposure scenarios for visual comparison of feasible regions for an average-weight Danish
woman1
Baseline A B C D E F G H
EPA + DHA, % 13 — — — 0 — — 0 —
Vitamin D, % 76 39 70 95 — — — 95 39
Methyl mercury, % 0 — — — — — — — —
Dioxins + dl-PCBs, % 34 — — — — 50 20 — 20
1Values are percentage values of total exposure. The background exposure is defined as the exposure from sources other than fish. Baseline background
exposure scenario and 8 alternative background exposure scenarios, A–H, are shown. Cells marked ‘—’ refer to corresponding baseline value. The baseline
background exposure scenario was used in the models to generate fish intake levels for all individuals. dl-PCB, dioxin-like polychlorinated biphenyl.
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FIGURE 2 Feasible region for 69.7 kg Danish woman (A) and 84.4 kg Danish man (B) modelled with the 2-dimensional QP model. The baseline
background exposure is used. The feasible regions are created by the lower constraint on vitamin D, and the upper constraints onmethyl mercury
and dioxins + dl-PCBs. The lower EPA + DHA constraint does not affect the regions. Danish guidelines are provided in (9). dl-PCB, dioxin-like
polychlorinated biphenyl; QP, quadratic programming model allowing all species of fish in modeled intake.
intake, an optimized intake was found for all 3016 individu-
als. When only reported species were allowed, an optimized
intake was found for 2386 individuals (79%). Furthermore,
several scenarios for background exposure of nutrients and
contaminants were compared for a 2D model (where the sub-
groups lean and fatty fish were optimized) by showing feasible
regions for 8 background exposure scenarios as alternatives
to the baseline that included the most likely background
exposures.
Our results show that to follow current Danish official di-
etary guidelines regarding intake of fish, most Danes should
increase their fish intake, and a smaller fraction should either
eat less fish or not change their fish intake at all. We show
that when the requirement is to meet the recommendations for
EPA + DHA and vitamin D without violating advisable intake
limits for methyl mercury and dioxins+ dl-PCBs, a fish intake of
350 g/wk, of which 200 g should be fatty fish (as recommended
in the official Danish dietary guidelines), is not necessary.
According to the criteria used in this study, eating this amount is
healthy and not harmful, but it requires larger behavior changes
than necessary, which may lead to lack of compliance.
In general, our results suggest that women need to increase
their fish intake more than men, and fatty fish should be priori-
tized over lean fish for both genders. Within the subgroups, cod
and “other fatty fish” (mainly trout) are the species whose in-
take should be increased the most, whereas plaice and mackerel
are the species that need to be increased the least.
In general, mathematical optimization methods are suitable
for addressing the complexity of data on food intake and dietary
requirements, thanks to their ability to deal with several fac-
tors simultaneously. The models presented in this paper can be
expanded to address additional and/or other nutrients, contam-
inants, foods, or food (sub)groups. Whole diets can also be op-
timized (11, 13, 14). Furthermore, mathematical optimization
methods can be expanded to include other food-related issues,
such as sustainability and economy (25–29).
A B C D
E F G H
FIGURE 3 Alternative feasible regions for a 69.7-kg Danish woman (A–H) modeled with the 2-dimensional QP model. The alternative back-
ground exposures are used. Scenario A has no feasible solutions. Danish guidelines are provided in (9). dl-PCB, dioxin-like polychlorinated
biphenyl; QP, quadratic programming model allowing all species of fish in modeled intake.
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BA
FIGURE 4 Modeled fish intake for 1552 Danish women (A) and 1464 Danish men (B) generated with the 2-dimensional QP model. The figures
illustrate how individuals with an observed intake within her or his feasible region get a modeled intake identical to the observed, whereas
individuals with an observed intake outside her or his feasible region get a modeled intake on the region border, the point on the feasible region
closest to the observed intake. The modeled intakes were significantly different from observed intakes, P < 0.05, according to the Wilcoxon
matched-pairs signed-rank test. Danish guidelines are provided in (9). QP, quadratic programming model allowing all species of fish in modeled
intake.
In previous studies on diet optimization, the L1-norm was
typically used as an objective function, and the optimization
problems were transformed into a linear problem (11–14) to
ensure unique global minima (12). In this study, quadratic pro-
gramming with an objective function using the L2-norm was
preferred for 2 reasons. First, quadratic programming punishes
large deviations and typically makes small changes to almost all
elements of the optimization variable. Linear programming, on
the other hand, typically makes large changes in a limited num-
ber of elements and leaves the others unchanged. Since we are
dealing with a change in behavior, our argument is that many
smaller changes, as obtained from quadratic programming,
are more realistic and achievable than fewer larger changes.
The researchers who developed the Dutch food-based dietary
guidelines (30) compared linear and quadratic programming
and concluded that the latter gave more achievable results. This
was also the conclusion of the WWF report ‘Eating for 2 de-
grees’ (31–33). Second, our method guarantees a unique global
minimum without transformation and therefore, as compared
to using the L1-norm, enables direct interpretation of the con-
straints (11).
In previous diet optimizations, the objective functions were
typically standardized across foods by dividing by observed in-
take of the specific food items (5, 10, 12, 13). This was consid-
ered not necessary in this study, as only the consumption of fish
was modeled.
At present, lack of appropriate data and uncertainty about
the recommended and permissible intakes as well as the back-
ground exposures are important limiting factors for intake
optimization. Recommended daily intakes and acceptable
weekly intakes are based on available scientific evidence,
but may change if new data become available. Furthermore,
BA
FIGURE 5 Cumulative distributions for delta fish intake (modeled minus observed intake) for 1552 Danish women modeled with the 2-
dimensional QP model (A) and with the QPr model (B). The figures give information on how many individuals are recommended to change their
fish intake and how. The fraction of individuals who are suggested not to change (delta intake = 0), decrease (delta intake < 0), or increase
(delta intake > 0) their intake can be read from the graphs. QP, quadratic programming model allowing all species of fish in modeled intake; QPr,
quadratic programming model only allowing reported fish in modeled intake.
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FIGURE 6 Modeled fish intake for 1552 Danish women (A) and 1464 Danish men (B) generated with the 8-dimensional QP model. The figures
illustrate how individuals with an observed intake within her or his feasible region get a modeled intake identical to the observed, whereas
individuals with an observed intake outside of her or his feasible region get a modeled intake on the region border; the point on the feasible
region closest to the observed intake. The modeled intakes were significantly different from observed intakes, P < 0.05, according to the
Wilcoxon matched-pairs signed-rank test. Danish guidelines are provided in (9). QP, quadratic programming model allowing all species of fish in
modeled intake.
these limits are average values, and thus do not take into
account variability in the population, e g., in terms of food
consumption, age, gender, or weight (only nutrient limits). As
this interindividual variation is unknown, it cannot be included
in our model. If these data were available, our approach could
be individualized further to propose more precise individual
results. For example, common genetic variations in genes have
been shown to determine vitamin D status in Danes (34), and
incorporation of such individual information would reduce the
uncertainty of the results.
Nutrients and contaminant concentrations for fish vary de-
pending on region of capture, season, whether the fish is farmed
or wild, etc. (6). Average values, as used in this study, allow a
realistic estimate of long-term consumption and exposure. Fur-
thermore, if data on individual selection of, for example, wild
or farmed fish and region of capture, were available, the ap-
proach could be individualized further. Finally, the intake data
(7-d estimated records) are also uncertain due to memory bias
of the participants, limited time of reporting, and the potential
selection bias of participants.
To our knowledge, this is the first intake optimization pa-
per showing the variation in feasible regions due to uncertainty
in background exposure. The feasible regions are sensitive to
this uncertainty. The vitamin D background exposure appears
to be especially important, and also the most difficult variable
to establish because vitamin D can be obtained from many food
products and is thus highly dependent on individuals’ diet and
sun exposure. For this reason, vitamin D is commonly excluded
in intake optimization studies. When a substantial amount of
vitamin D is required to come from fish, there is a conflict
BA
FIGURE 7 Cumulative distributions for delta fish intake (modeled minus observed intake) for 1552 Danish women modeled with the 8-
dimensional QP model. The figures give information on how many individuals are recommended to change their fish intake and how. The
fraction of individuals who are suggested not to change (delta intake = 0), decrease (delta intake < 0), or increase (delta intake > 0) their intake
can be read from the graphs. QP, quadratic programming model allowing all species of fish in modeled intake.
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between vitamin D and contaminants (5, 10). In a French fish
diet optimization study (5), the authors removed the vitamin D
constraint, and instead maximized the vitamin D intake. In a
French whole diet optimization study (10), the vitamin D con-
straint was removed, and based on arguments that vitamin D
can be provided by supplements and sunlight, ignored in the
model. In our study, the vitamin D constraint was not removed.
Our argument was that fish is an important source of vitamin
D, and people in Scandinavian countries rely more on vitamin
D intake from food, especially in winter. In addition, we chose
to include vitamin D because our analysis shows that it is an
important constraint that cannot be ignored. However, we had
to accept a lower limit value in the baseline scenario to obtain
feasible results, and therefore considered it to be sufficient that
each individual at least reach the mean vitamin D intake from
fish in the Danish population.
Options to deal with individual background exposure from
food in future research are 1) a whole-diet optimization ap-
proach (10, 12, 13), and 2) inclusion of individual intake data
of the nutrients and contaminants to calculate individual back-
ground exposure from foods other than fish. In both cases, en-
vironmental or other specific, individual background exposures
still need to be considered. The first option would be more
data demanding and is less focused on optimizing fish intake,
but it would give dietary advice that was more complete. Fur-
thermore, substitution with other foods is a relevant issue be-
cause, when fish intake is increased, the intake of other foods
is probably decreased. In this paper, no substitution was taken
into account. For whole-diet optimization, the substitution is
dealt with naturally. However, for optimization of a single food
item such as fish, a future challenge for diet modeling is to in-
clude substitution. If data on individual preferences for substi-
tuting foods were available, the models could be individualized
further, and hence give more precise individual recommenda-
tions.
In conclusion, it was shown that mathematical optimization,
specifically quadratic programming, can be used to derive an
achievable recommended fish intake for an individual based on
current fish consumption and body weight, that ensures a safe
and healthy fish consumption pattern. The model can be ex-
tended to other nutrients, contaminants, and foods, and utilized
to provide recommendations that are adapted to individuals. By
minimizing the need for large and ultimately unrealistic changes
in behavior, our hypothesis is that this approach may have the
potential to increase compliance with guidelines. A further de-
velopment and expansion of this approach may therefore have
an impact on the promotion of health and prevention of disease
in populations.
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Abstract
National dietary guidelines are directed at the general population. However, these guidelines may be perceived as unrealistic by a substantial
part of the population, as they differ considerably from individual consumption patterns and preferences. Personalised dietary
recommendations will probably improve adherence, and it has been shown that these recommendations can be derived by mathematical
optimisation methods. However, to better account for risks and beneﬁts of speciﬁc foods, the background exposure to nutrients and
contaminants needs to be considered as well. This background exposure may come from other foods and supplements, and also from
environmental sources like the air and the sun. The objective of this study was therefore to analyse the effect of including individual variation
in background exposure when modelling personalised dietary recommendations for ﬁsh. We used a quadratic programming model to
generate recommended ﬁsh intake accounting for personal preference by deviating as little as possible from observed individual intake. Model
constraints ensure that the modelled intake meets recommendations for EPA, DHA and vitamin D without violating tolerable exposure to
methyl mercury, dioxins and dioxin-like polychlorinated biphenyls. Several background exposures were analysed for 3016 Danish adults,
whose food intakes and body weights were reported in a national dietary survey. We found that the lower nutrient constraints were critical for
the largest part of the study population, and that a total of 55% should be advised to increase their ﬁsh intake. The modelled ﬁsh intake
recommendations were particularly sensitive to the vitamin D background exposure.
Key words: Personalised dietary recommendations: Dietary habits: Diet optimisation model: Quadratic programming:
Background exposure
Dietary guidelines are developed to inform the population about
healthy food consumption. They are based on evidence that is
obtained for a representative selection of population and direc-
ted at the population as a whole. However, it can be argued that
personalised dietary recommendations should be available
because of the variation within the population. Personalised
recommendations may be perceived as more relevant and have
stronger motivational effects because these can account for an
individual’s preferences, requirements, needs, beliefs, etc.(1).
Previous diet optimisation studies have explored persona-
lised guidelines by modelling personalised intake recommen-
dations that deviate as little as possible from observed intake
levels, while fulﬁlling several health-related criteria on nutrient
and contaminant recommendations, energy intake and/or
intake weight(2–4). The arguments for minimising the deviation
from individual intake were that such recommendations will be
more relevant, realistic and achievable for consumers, and
therefore a higher compliance with the recommendation could
be expected.
An example of a national dietary guideline is the recom-
mendation for ﬁsh intake in Denmark, which states that the
Danes should eat 350 g of ﬁsh per week, of which 200 g should
be fatty ﬁsh(5). This guideline is directed at the healthy popu-
lation over 3 years of age. As a step towards developing per-
sonalised guidelines, we previously modelled individual ﬁsh
intake recommendations for eight species of ﬁsh for 3016
Danes, using mathematical optimisation methods, and found
that 74% of the study population should be advised to increase
their ﬁsh consumption(2). The modelled intakes fulﬁlled con-
straints on EPA, DHA, vitamin D, methyl mercury, dioxins and
dioxin-like polychlorinated biphenyls (dl-PCB), as these nutri-
ents and contaminants are the main contributors of beneﬁcial
and adverse health effects from ﬁsh consumption(6).
Most nutrients and contaminants present in a speciﬁc food
(such as ﬁsh) can be provided by background exposure as well,
which can impact the critical intake levels of the food product
considered. When optimising the intake of one speciﬁc food,
the background exposure to nutrients and contaminants that
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; dl-PCB, dioxin-like polychlorinated biphenyls; LD, low dioxin.
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can be found in the food product in question needs to be
considered. While previous studies(2,7) estimated average
background exposure values for the whole population, back-
ground exposures will also vary between individuals and may
therefore have a different impact for different consumers. The
objective of this study was to analyse the effect of including
individual variation in background exposure when modelling
personalised dietary recommendations for ﬁsh. It is primarily a
methodological study, in which ﬁsh consumption is used to
demonstrate the potential of the method.
Methods
Data
Observed intakes and body weights. Observed individual
food intake (7-d estimated records) along with self-reported
body weight from the Danish national survey of diet and phy-
sical activity (DANSDA) (AN Pedersen et al., unpublished
results, April 2011–August/September 2013) were used. Indivi-
duals aged 18–75 years (1552 women and 1464 men; a total of
3016 individuals) deﬁned our study population. In total, 433
foods were reported and seventeen were deﬁned as ﬁsh in this
study. Raw, smoked, canned and marinated ﬁsh were included.
The ﬁsh consumed corresponded to eleven species of ﬁsh
(Table 1), denoting the elements of the optimisation variable
(d= 11). The observed ﬁsh intake was not normally distributed,
according to the Lilliefors test at signiﬁcance level 5%. Species
with fat content up to 5 % were classiﬁed as lean ﬁsh (six
species) and species with fat content higher than 5 % were
classiﬁed as fatty ﬁsh (ﬁve species)(6). See the observed
intake amounts of lean and fatty ﬁsh in Fig. 1(a). Fish roe and
ﬁsh liver were not included. The average daily intake was
converted to average weekly intake by multiplying the
average daily intake by seven. As eel is considered critically
endangered; marketing and consumption of European eel is
debated, and therefore it was excluded from this study.
Individual body weights are required in the model since the
limit values for the contaminants are body-weight dependent.
There were forty-seven missing recorded values (for sixteen
men and thirty-one women) for body weight in DANSDA. For
these individuals, the sex-speciﬁc average body weight of an
individual in the study population was used: 69·7 kg for
women and 84·4 kg for men.
Concentrations. Nutrient concentration data (EPA, DHA and
vitamin D) were from the Danish food composition database(8),
and contaminant concentration data (mercury and dioxins + dl-
PCB) were from two different chemical contaminant
reports(9,10). The weighted averages of the nutrient and con-
taminant concentrations for the eleven species were calculated
with weights equal to the reported intake amounts of the
categories raw, smoked, canned and marinated. The weighted
averages of the two contaminant reports were calculated with the
number of samples per report serving as weights. To get con-
centrations for methyl mercury, we used the same conservative
approach as used by European Food Safety Authority(11): 100% of
mercury in ﬁsh was considered as methyl mercury, and methyl Ta
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mercury comprised 80% of the total mercury in seafood other than
ﬁsh. For three lean ﬁsh species (European ﬂounder, garﬁsh and
saithe), data on one or more nutrient or contaminant were missing.
European ﬂounder is in the same family as plaice and therefore
the data on plaice was used when a value was missing (methyl
mercury). Saithe is in the same family as cod, and data on cod was
used accordingly (EPA+DHA and dioxins+dl-PCB). Garﬁsh is not
in the same family as any of the other species included in this
study. For garﬁsh, the average value of the lean species was used
when a value was missing (methyl mercury). The concentrations
used in this study are presented in Table 2.
Limit values. The recommended daily intake for EPA +DHA(12)
and vitamin D(13), and the tolerable weekly intake per body
weight for methyl mercury(11) and dioxins + dl-PCB(14), were
used as limit values (Table 3). These recommendations are for
total intake and exposure, and therefore background intake and
exposure had to be subtracted from them in the model. Daily
values were converted to weekly values by multiplying daily
recommendations by seven, and per-body-weight values were
converted to individual values by multiplication with individual
body weight. For vitamin D, there is an upper level of 100 µg/d(15),
but it was neglected because the contaminant constraints were
limiting the ﬁsh intake amount long before this value could be
reached.
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Fig. 1. Observed intake of lean and fatty fish for 3016 individuals (1552 women and 1464 men) (a) and modelled recommended fish intake for 2992 of the individuals
with the Mid-season scenario with individual intake of other foods and individual intake of supplements (Mid-season Ind scenario) (b). , Guideline; , women; ,
men.
Table 2. Nutrient and contaminant concentrations for fish(8–10)
EPA+DHA (mg/g) Vitamin D (µg/g) Methyl mercury (µg/g) Dioxins + dl-PCB (pg TEQ/g)
Lean fish (≤5% fat)
Cod (raw) 2·2 0·010 0·045 0·13
European plaice (raw) 6·0 0·011 0·035 0·31
Tuna (canned) 2·0 0·027 0·151 0·05
European flounder (raw) 4·2 0·0080 0·035* 0·65
Garfish (raw) 7·8 0·052 0·056† 0·81
Saithe (raw) 2·2‡ 0·079 0·014 0·13‡
Fatty fish (>5% fat)
Salmon (raw, smo) 16 0·079 0·011 0·81
Herring (mar, raw, smo) 18 0·095 0·037 1·2
Mackerel (can, smo, raw) 26 0·044 0·28 1·0
Trout, rainbow (raw) 14 0·16 0·023 0·38
Greenland halibut (smo, raw) 8·0 0·048 0·057 0·56
dl-PCB, dioxin-like polychlorinated biphenyls; TEQ, toxic equivalency; smo, smoked; mar, marinated.
* Plaice data.
† Average value of lean fish species data.
‡ Cod data.
Table 3. Recommendations for nutrients and contaminants
Value Reference
Recommended daily intake
EPA+DHA (mg/d) 250 (12)
Vitamin D (µg/d) 10 (13)
Tolerable weekly intake
Methyl mercury (µg/kg BW per week) 1·3 (11)
Dioxins + dl-PCB (pg TEQ/kg BW per week) 14 (14)
BW, body weight; dl-PCB, dioxin-like polychlorinated biphenyls; TEQ, toxic
equivalency.
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Model overview
The quadratic programming model(2) is expressed as:
minimise
x
jjxxobsjj2 (a)
subject to Bx≥b (b)
Rx≤ r (c)
x≥ 0 (d)
where the vector x (d× 1) is the optimisation variable repre-
senting weekly intake amounts of d different ﬁsh species, and
the vector xobs (d× 1) is a constant vector describing the cor-
responding observed intake amounts of an individual. The
optimisation variable denotes eleven species of ﬁsh reported in
the intake data (d= 11). The objective function (a) of the model
is the L2-norm of xxobs:
jjxxobsjj2 =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x1xobs;1
 2 + x2xobs;2 2 +    + xnxobs;d 2
q
The objective function is minimised, and hence the sum of
the square of the deviations between the individual observed
intake xobs (from individual intake data) and the optimised (by
the model) intake x is minimised. Personal objective functions
are thereby deﬁned by the personal intake amounts
xobs;1; xobs;2; ¼ xobs;d . The objective function can be rewritten
to a quadratic function, since x is real-valued:
ðx1xobs;1Þ2 + ðx2xobs;2Þ2 +    + ðxnxobs;dÞ2
The model constraints ensure that the optimised intake meets
weekly lower limits on the nutrients EPA +DHA and vitamin D
(b) without violating weekly upper limits on the contaminants
methyl mercury and dioxins + dl-PCB (c), and the constraints
make sure that no negative intake occurs (d). The vector b
(m× 1) describes the weekly lower limits for the nutrient
intake amounts due to ﬁsh intake (m= 2), and r (k× 1)
describes the weekly upper limits for the contaminant intake
amounts (k= 2). The matrix B (m×d) describes the mean
nutrient concentrations for the different ﬁsh species, and R
(k×d) describes the mean contaminant concentrations. The
model allows an individual’s non-reported ﬁsh species in her/
his output intake. As it may be unlikely that people start
choosing ﬁsh species they did not eat before, the model can be
modiﬁed to only allow reported species by employing equality
constraints in (d) for the non-reported species of the individual.
Different background exposure scenarios correspond to
different limit values (vectors b and r) in the constraints. All
vectors x that satisfy the constraints make up the feasible region
of the problem. If there is no combination of ﬁsh species that
can meet the constraints, no feasible solution is obtained and
the model cannot generate a recommendation.
Background exposure
Other foods. The background intake of nutrients and exposure
to contaminants due to foods other than ﬁsh were potentially
supplied by the 416 of the 433 reported foods in the intake data
that were not ﬁsh (DANSDA 2011–2013, AN Pedersen et al.,
unpublished results). The food intake is not normally dis-
tributed, according to the Lilliefors test (α= 5%). Individually
reported whole diets, excluding ﬁsh intake, were multiplied
with concentrations of the nutrients and contaminants of the
different foods. Hence, the total intake of the different nutrients
and contaminants was obtained for each individual in the study
population (Table 4). EPA+DHA could be supplied by twenty-
seven of the reported foods, mainly seafood (shrimp, mussels,
ﬁsh roe, ﬁsh liver, etc.), and a smaller fraction by chicken and a
few additional animal products. The background intake of
EPA +DHA was 14 and 12% of the total average intake for
women and men, respectively. For vitamin D, the relative
importance of sources other than ﬁsh was higher, and the
respective numbers were 61 and 63%, respectively. Back-
ground intake of vitamin D was potentially supplied by 116 of
Table 4. Nutrient and contaminant exposure*
(Mean values and standard deviations; medians and interquartile ranges (IQR))
Women (n 1552) Men (n 1464)
Mean SD Median IQR Mean SD Median IQR
Exposure from all foods
EPA+DHA (mg/week) 2·8 3·2 1·8 3·5 3·4 4·1 1·9 4·3
Vitamin D (µg/week) 28 20 23 19 35 24 29 23
Methyl mercury (µg/week) 11 13 8·2 13 15 18 8·9 17
Dioxins + dl-PCB (pg TEQ/week) 326 306 265 220 428 303 346 275
Exposure from foods other than fish
EPA+DHA (mg/week) 0·38 0·92 0·23 0·34 0·41 0·84 0·25 0·41
Vitamin D (µg/week) 17 14 15 9·0 22 16 19 12
Methyl mercury (µg/week) 0·96 2·1 0·095 1·0 0·90 2·1 0·054 0·78
Dioxins + dl-PCB (pg TEQ/week) 210 251 178 98 277 198 246 135
Exposure from supplements
Vitamin D (µg/week) 65 96 33 93 39 66 0·0 70
dl-PCB, dioxin-like polychlorinated biphenyls; TEQ, toxic equivalency; DANSDA, Danish national survey of diet and physical activity.
* Reported whole diet data and supplement intake data from DANSDA multiplied with concentration data for nutrients and contaminants(8–10). Study population: 3016 individuals
aged 18–75 years.
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the reported foods, and the major sources were animal products
including dairy products. For methyl mercury, eleven seafoods
were the source of background exposure. These seafoods
contributed to 9 and 6% of the total average dietary exposure
for women and men, respectively. For dioxins + dl-PCB, 64 and
65% of the total average dietary exposure was due to back-
ground exposure for women and men, respectively. The
background exposure to dioxins + dl-PBC was potentially sup-
plied by 153 foods and the major sources were animal products
including dairy products, as for vitamin D.
Supplements. Data on individual vitamin D intake from vitamin
D supplements and multi-minerals from DANSDA were used
(Table 4). In the study population, 62% of the women and 49%
of the men had recorded intake of supplements containing
vitamin D. No data on EPA+DHA supplement intake were
available and therefore only vitamin D supplement intake was
included in this study.
Sun and airborne contaminants. Vitamin D can be provided
by UVB radiation from the sun that gets synthesised in the skin.
In Denmark (latitude 55°N to 58°N), there is a signiﬁcant sea-
sonal variation in how much UVB radiation reaches the surface
of the earth; the highest level is in summer, and the lowest is in
winter(16,17). We calculated (see Appendix) three different sce-
narios for sun exposure to cover the seasonal variation; winter,
mid-season and summer. Food consumption is the major source
of dioxins, contributing to more than 90% of the total human
exposure(18). We calculated (see Appendix) two different sce-
narios for airborne dioxin exposure: baseline (default) and low
dioxin (LD). For methyl mercury, ﬁsh and seafood consumption
is considered the major source of exposure(11,19), and the
average exposure due to air is <0·04 µg/d(19). Since our
assumptions for methyl mercury concentration in food were
conservative, we assumed food as the only source.
Software
The models were implemented using Matlab (R2015b, version
8.6). The package CVX, for specifying and solving convex
programs(20,21), was used for optimisation.
Background exposure scenarios
To analyse the impact of background exposure, twenty-four
background exposure scenarios were created. First, six scenarios
for the sun and airborne contaminant exposure were deﬁned,
combining the winter, mid-season and summer sun exposure
scenario with the baseline and LD airborne dioxin scenarios
(Table 5). These six scenarios were run with individual intake of
foods other than ﬁsh and individual supplement intake, individual
intake of foods other than ﬁsh without supplements (by assigning
all individuals zero supplement intake), sex-speciﬁc average
values for intake of foods other than ﬁsh and sex-speciﬁc average
supplement intake and sex-speciﬁc average values for intake of
foods other than ﬁsh without supplements. Hence, in total,
twenty-four background exposure scenarios were created and
each scenario was given a short name (Table 5). The mid-season
scenario with individual intake of foods other than ﬁsh and
individual supplement intake (Mid-season Ind) is the baseline
background exposure scenario of our study.
Results
Mid-season and individual values
Out of the 3016 individuals in the study population, there were
twenty-four individuals not obtaining a feasible solution, that is,
no personalised recommendation could be generated with the
mid-season sun exposure scenario with and without supple-
ment intake (Mid-season Ind and Mid-season Ind No Sup)
(Table 6). Out of these, twenty-two had a background exposure
to dioxins + dl-PCB that was higher than the threshold (14 pg
toxic equivalency (TEQ)/kg body weight per week). The other
two had a background exposure to dioxins + dl-PCB just below
the threshold, but there was a conﬂict with the nutrient con-
straints, so that no ﬁsh intake could fulﬁl all constraints. The
observed intake and the modelled recommendations with the
Mid-season Ind scenario, which is our baseline scenario, are
grouped into lean and fatty ﬁsh for the purpose of visualisation
(Fig. 1). The average modelled ﬁsh intake recommendations
(also grouped into lean and fatty ﬁsh) with the twenty-four
different background exposure scenarios can be seen in online
Supplementary Table S1. The suggested changes in ﬁsh intake
(delta intake), modelled recommendations minus observed
intakes, can be visualised with empirical cumulative distribution
Table 5. Background exposure scenarios
Winter Mid-season Summer Winter LD Mid-season LD Summer LD
Sun: vitamin D (µg/d) 0 7·25 14·5 0 7·25 14·5
Airborne: dioxins + dl-PCB (pg TEQ/week) 42 42 42 20 20 20
Individual intake other foods Winter Ind Mid-season Ind* Summer Ind Winter LD Ind Mid-Season LD Ind Summer LD Ind
Individual intake supplements
Individual intake other foods Winter Ind Mid-season Ind Summer Ind Winter LD Ind Mid-Season LD Ind Summer LD Ind
No supplements No Sup No Sup No Sup No Sup No Sup No Sup
Average intake other foods Winter Av Mid-season Av Summer Av Winter LD Av Mid-Season LD Av Summer LD Av
Average intake supplements
Average intake other foods Winter Av Mid-season Av Summer Av Winter LD Av Mid-Season LD Av Summer LD Av
No supplements No Sup No Sup No Sup No Sup No Sup No Sup
LD, low dioxin; dl-PCB, dioxin-like polychlorinated biphenyls; TEQ, toxic equivalency.
* Baseline scenario.
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functions. For these functions, the value on the y-axis at any
speciﬁed value of the delta ﬁsh intake is the fraction of indivi-
duals in the study population that should be suggested to make
a change less than or equal to the speciﬁed value. Fig. 2 shows
this for the Mid-season Ind scenario (Fig. 2(a), (c) and (d)) and
for the Mid-season Ind No Sup scenario (d). Our results suggest
that 43 % of the 2992 individuals with feasible solutions (99 %
of the study population) should be advised to maintain their
current ﬁsh consumption pattern, that 55 % should be recom-
mended to increase their total ﬁsh intake up to 184 g/week
(24 % with more than 100 g/week) and that only 2·0 % should
be recommended to decrease their ﬁsh intake (Fig. 2(a)). With
the Mid-season sun exposure scenario, the difference in the
results generated with and without supplements is small, and so
is the difference with individual and average data (online
Supplementary Table S1). Different species dominate the
recommended intakes, which depends on whether the EPA+
DHA or the vitamin D constraint is the critical lower constraint.
For example, saithe dominates the lean ﬁsh species and trout
dominates the fatty ﬁsh species when the vitamin D constraint is
critical, whereas garﬁsh and herring dominate when the EPA+
DHA constraint is critical (Fig. 2(c) and (d)). When the model
was modiﬁed to only allow reported ﬁsh intake in the modelled
recommendations, 536 individuals had no feasible solutions,
and different species dominated the modelled intakes: tuna,
plaice and cod dominate the lean ﬁsh species, and mackerel
and salmon dominate the fatty ﬁsh species (Fig. 3).
Winter and individual values
The recommended intake modelled with the Winter sun expo-
sure scenario with and without supplement intake (Winter Ind
and Winter Ind No Sup) shows the impact of vitamin D supple-
ments (Fig. 4). When the supplement intake is excluded, 960
women and 715 men should be recommended to increase their
ﬁsh intake a lot more than with the scenario including the
observed supplement intake. With the winter scenario, one
additional woman had no feasible solution as compared with the
mid-season scenario. Her reported body weight was low (41kg)
and a conﬂict between the vitamin D constraint and the diox-
ins + dl-PCB constraint (which is body-weight dependent) occur-
red with this scenario that has no sun exposure contributing to
vitamin D intake. With the winter scenario, the same ﬁsh species
as for the mid-season scenario dominate, depending on the cri-
tical lower constraint. However, a larger fraction of the study
population has the vitamin D constraint as the critical lower
constraint (Fig. 5). When the Winter Ind scenario is analysed
under the condition that only reported ﬁsh intake is allowed in
the modelled recommendations, 791 individuals had no feasible
solutions and tuna dominates the lean ﬁsh species, and herring
and salmon dominate the fatty ﬁsh species (Fig. 6).
Winter and average values
The winter scenarios with average values for intake of other foods
and supplements show how average values can give misleading
results (Fig. 7). The modelled recommendations differ greatly
compared with when individual values are used (Winter Av and
Winter Av No Sup) (Fig. 4). With average values, all individuals
had a feasible solution due to the fact that the twenty-ﬁve indi-
viduals with high background exposure to dioxins +dl-PCB get a
lower value that is compatible with the other constraints, and the
individuals not consuming supplements (592 women and 749
men) get a great addition to their background intake of vitamin D
when the average values for supplements are used.
Summer and average values
The vitamin D intake due to sun exposure in the summer scenario
(15 µg/d) is higher than the recommended vitamin D intake
(10 µg/d). Hence, the vitamin D constraint is already fulﬁlled, and
the EPA+DHA constraint is the lower critical constraint for all
individuals. The summer scenario is hard to distinguish from the
mid-season scenario in a ﬁgure, and hence not shown.
Low dioxin
With the LD airborne exposure scenarios (LD), two more
individuals (one woman and one man) had feasible solutions
compared with when the baseline value for dioxins + dl-PCB is
used. The majority of the study population should be recom-
mended the same intake with LD exposure as with the baseline
value, since the number of individuals with reported high ﬁsh
intake are fewer than those with lower reported intake (Fig. 1).
Non-ﬁsh consumers
In the study population, 12 % of the individuals reported no
ﬁsh intake. With the winter sun exposure scenario with indivi-
dual values (Winter Ind and Winter Ind No Sup), the modelled
Table 6. Number of individuals out of 3016 with no feasible solution for the different background exposure scenarios
Women/men Winter Mid-season Summer Winter LD Mid-season LD Summer LD
Individual intake other foods 15/10 14/10 14/10 13/9 13/9 13/9
Individual intake supplements 384/407* 251/285*
Individual intake other foods
No supplements 15/10 14/10 14/10 14/9 13/9 13/9
Average intake other foods
Average intake supplements 0/0 0/0 0/0 0/0 0/0 0/0
Average intake other foods
No supplements 0/0 0/0 0/0 0/0 0/0 0/0
LD, low dioxin
* Only individual reported species allowed in modelled recommendations.
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Fig. 2. Empirical cumulative distribution functions for delta fish intake (modelled recommendation minus observed intake) for 2992 individuals with the Mid-season
scenario with individual intake of other foods and individual intake of supplements (Mid-season Ind scenario) (a), the Mid-season scenario with individual intake of
other foods and no intake of supplements (Mid-season Ind No Sup scenario) (b), the Mid-season Ind scenario, lean fish species (c), and the Mid-season Ind scenario,
fatty fish species (d). (a, b) , Women; , men. (c) , Cod; , plaice; , tuna; , flounder; , garfish; , saithe. (d) , Salmon;
, herring, ; mackeral; , trout; , hailbut.
0 200 400
0
0.2
0.4
0.6
0.8
1
Delta intake lean fish (g/week)
Pr
ob
ab
ilit
y 
de
ns
ity
(a)
0 50 100
0
0.2
0.4
0.6
0.8
1
Delta intake fatty fish (g/week)
Pr
ob
ab
ilit
y 
de
ns
ity
(b)
600
Fig. 3. Empirical cumulative distribution functions for delta fish intake (modelled recommendation minus observed intake) for 2480 individuals with the Mid-season
scenario with individual intake of other foods and individual intake of supplements (Mid-season Ind scenario), lean fish species (a), and the Mid-season Ind scenario,
fatty fish species (b) when only individual reported fish species are allowed in the modelled intake. (a) , Cod; , plaice; , tuna; , flounder; ,
garfish; , saithe. (b) , Salmon; , herring, ; mackeral; , trout; , hailbut.
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Fig. 4. Modelled recommended fish intake for 2991 individuals with the Winter scenario with individual intake of other foods and individual intake of supplements
(Winter Ind scenario) (a) and the Winter scenario with individual intake of other foods and no intake of supplements (Winter Ind No Sup scenario) (b). , Guideline; ,
women; , men.
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Fig. 5. Empirical cumulative distribution functions for delta fish intake (modelled recommendation minus observed intake) for 2991 individuals with the Winter
scenario with individual intake of other foods and individual intake of supplements (Winter Ind scenario) (a), the Winter scenario with individual intake of other
foods and no intake of supplements (Winter Ind No Sup scenario) (b), the Winter Ind scenario, lean fish species (c) and the Winter Ind scenario, fatty
fish species (d). (a, b) , Women; , men. (c) , Cod; , plaice; , tuna; , flounder; , garfish; , saithe. (d) , Salmon;
, herring, ; mackeral; , trout; , hailbut.
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intake recommendations located on an imaginary line (Fig. 4)
correspond to recommendations for individuals with no ﬁsh
intake. The ratio between lean and fatty ﬁsh is 1:2·3 for these
recommendations, and the line is orthogonal to the individual
critical lower vitamin D constraints. With the summer sun
exposure scenario (Sun Ind and Sun Ind No Sup), the EPA+
DHA constraint is the critical lower constraint for all individuals,
and with this scenario, the ratio between lean and fatty ﬁsh
species is 1:3·3 for non-ﬁsh consumers.
Discussion
To our knowledge, this is the ﬁrst intake optimisation study
exploring the effect of individual background exposure to
nutrients and contaminants due to the consumption of other
foods and supplements, as well as sun and airborne con-
taminant exposure. We showed that individual differences in
background exposure can be included in the analysis and that
these differences provide additional insights and affect the
personalised recommendations. The majority of the 3016
Danes in our study population had reported a ﬁsh intake that
was lower than her/his individual model constraints allowed,
and hence the lower nutrient constraints (EPA+DHA and vitamin
D) were critical for the largest part of the study population. The
modelled recommendations were speciﬁcally sensitive to the
vitamin D background exposure. Comparing the mid-season
scenario (the baseline scenario) with the winter scenario, that
differ with 7·25µg/d vitamin D background intake, the individuals
not taking vitamin D supplements should be recommended a
much higher ﬁsh intake in winter. A few individuals with high
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Fig. 6. Empirical cumulative distribution functions for delta fish intake (modelled recommendation minus observed intake) for 2225 individuals with the Winter scenario
with individual intake of other foods and individual intake of supplements (Winter Ind scenario), lean fish species (a), and the Winter Ind scenario, fatty fish species
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background intake of dioxins +dl-PCB were affected by a lower
dioxin airborne exposure than the baseline value, but the largest
part of the study population was not. The exposure to EPA+DHA
and methyl mercury is mainly due to ﬁsh consumption, and
therefore the background exposure to these compounds had little
effect. However, as mentioned, EPA+DHA supplements may
have been taken, which we unfortunately had no data on. Such
input would have been very important for the individuals and
scenarios where the EPA+DHA constraint dominated, since a
higher background intake will lower the constraint resulting in
lower ﬁsh intake recommendations.
According to our criteria on ﬁsh intake (the model constraints
on EPA+DHA, vitamin D, methyl mercury and dioxins +dl-PCB),
following the recommendation for ﬁsh intake in the ofﬁcial
Danish dietary guideline (350 g ﬁsh/week of which 200g should
be fatty ﬁsh) is, as expected, healthy and not harmful. However,
the ofﬁcial guideline demands larger changes in consumption
than necessary, which may lead to a lack of compliance. This is
concluded using our baseline scenario for background exposure
(Mid-season Ind). This was also concluded in our previous study
on individual ﬁsh intake recommendations(2). In this study, we
show that fewer individuals need to be recommended to increase
their ﬁsh intake when individual background exposures are used:
55 % of the study population compared with 74 % as concluded
in our previous study using the same average background
exposures for all individuals.
When only reported ﬁsh species are allowed in the modelled
recommendation, larger intake amounts of ﬁsh should be sug-
gested compared with when all species are allowed. Since the
reported intake was a 7-d estimated record, and other species of
ﬁsh may well have been consumed by an individual during
another week, we concluded that the results from the model only
allowing reported species in this study are less relevant. However,
if the observed intake data were, for example, individual yearly
average values, the modiﬁed model only allowing individual
reported ﬁsh species may be appropriate for generating the
personalised recommendations, since the intake data would
reﬂect which species an individual consumes. If data on which
ﬁsh species an individual could consider consuming and which
species she/he do not wish to consume was available, the results
could be further personalised by only allowing the species she/he
wants in the personalised recommendation.
A future application of our model could be to create software
that individuals could use and generate personalised recom-
mendations themselves. The user would be asked by the soft-
ware to insert how much she/he currently consumes of some
food items, and to select which additional food items she/he
would consider for consumption. By application of our model,
the software could then generate a personalised recommen-
dation that accounts for the individual’s inserted preferences. If
the individual would set too few foods she/he is willing to
consume to obtain a feasible solution, the software would have
to ask the individual to select additional foods.
In our previous study(2), all individuals obtained a feasible
solution, that is, a personalised recommendation could be made.
With the inclusion of individual background exposures, twenty-
four individuals (0·8 % of the study population) had unfeasible
solutions due to a too high background exposure to dioxins +dl-
PCB with the mid-season scenario. It is important to stress that
there are other ways to modify diets to fulﬁl the requirements on
the EPA, DHA and vitamin D without exceeding the limit value
for methyl mercury and dioxin+dl-PCB than to only modify ﬁsh
intake. As mentioned, vitamin D and dioxin +dl-PCB, for exam-
ple, can be provided by several animal products including diary.
Therefore, the twenty-four individuals without feasible solutions
should typically be suggested to eat less of these foods. In this
study, ﬁsh was the only food in focus; foods other than ﬁsh were
deﬁned as background exposure, and substitution with other
foods was not considered, but the optimisation approach can be
extended to include foods other than ﬁsh in the optimisation
variable; even whole diets can be optimised(3,4,22). By expanding
the optimisation to several foods and ultimately whole diets, the
substitution issue is resolved. This may require inclusion of sev-
eral additional constraints on nutrients and contaminants on top
of those mentioned in this ﬁsh intake optimisation study.
When using average values for the background exposures in
this study, all individuals had feasible solutions with all scenarios.
This suggests that individuals at risk of exceeding the upper levels
for the contaminants may not be detected when average back-
ground exposures are used. Some individuals would be recom-
mended a ﬁsh intake that would result in too high of an exposure
to contaminants (dioxins +dl-PCB in this case) when using aver-
age background exposures. In general, when the variation in
background exposure from a food compound is large, average
values may be misleading. This is also the case when a nutrient
(or contaminant) constraint is critical and hard to reach for several
individuals due to relatively low (or high) background exposure
to the compound. This was shown for the vitamin D background
exposure by comparing individual background exposure from
foods and supplements with average values. With the winter
scenario and average values, the model resulted in much lower
recommended intakes than appropriate, especially for individuals
not taking supplements.
In previous ﬁsh intake optimisation studies, it has been
concluded that when a substantial amount of vitamin D is
required to come from ﬁsh, there is a conﬂict between vitamin
D and contaminants(2,7). In these studies, all individuals were
assigned the same average background exposures. In this
study, we concluded that there is a conﬂict only for twenty-ﬁve
individuals when sun exposure and supplements are excluded,
which is the extreme case, and twenty-four individuals when
including sun exposure and supplements. Hence, this study
shows that the conﬂict between vitamin D and contaminants is
not as critical as concluded earlier. When a high level of vitamin
D is required to come from ﬁsh, the recommended ﬁsh intake
should be high, but still within the feasible region for the
majority of the study population. It is however clear that vitamin
D exposure from the sun greatly affects the modelled intake.
From this, it could be argued that all individuals in Denmark
should eat supplements to reach the vitamin D recommenda-
tion, whereby only the EPA+DHA constraint would be relevant
for the ﬁsh consumption. This would result in lower and hence
more achievable ﬁsh intake recommendations. Obviously, if we
would have been able to include the intake of ﬁsh oil supple-
ments as well, ﬁsh intake recommendations based on EPA+
DHA requirements would have reduced even more.
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This approach can be used to estimate personalised intake
recommendations for other foods and/or other populations.
When considering using average values for background expo-
sure, we suggest starting by performing a rough scenario ana-
lysis with different average values to investigate the sensitivity
of the results on the background exposure, and to obtain an
indication of how many individuals can be at risk of exceeding
the tolerable intake levels for the contaminants. After this, a
conscious decision on whether or not to include individual
background exposure data can be made. This applies to all
background exposures, but especially to supplements because
the nutrient concentration(s) in supplements are usually high
(and often cover the recommended intake(s) alone), and indi-
viduals either take or not take supplements. If individual sup-
plement intake data are used, the modelled recommendations
may be grouped into two clusters of individuals, with and
without reported supplement intake, which is important to
stress when communicating the modelled recommendations.
Lastly, this method builds upon the assumption that perso-
nalised dietary recommendations deviating as little as possible
from current consumption have a higher compliance than
national guidelines, which has not been conﬁrmed. How indi-
viduals respond to personalised recommendations is an area
that requires additional research.
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Appendix
Sun exposure
To estimate a value for vitamin D intake due to sun exposure,
we assumed a linear relationship between vitamin D status and
intake. For Danish adults (n 2625) not taking vitamin D sup-
plements, the median serum 25-hydroxyvitamin D (25(OH)D)
concentrations (from blood samples) were in a study on vitamin
D status in Denmark measured to 68·4 and 40·0 nmol/l in the
autumn and spring, respectively(17). We used data from an Irish
study to deﬁne the linear relationship between this vitamin D
status and intake. In the Irish study(23), conditional distributions
of serum 25(OH)D concentration (in late winter) at speciﬁc
values of vitamin D intake (from foods and supplements) were
modelled for healthy adults (n 215) living in Ireland and Northern
Ireland (latitudes 51°N and 55°N) and the mean log-transformed
25(OH)D concentration was deﬁned as a linear function of vitamin
D intake. The slope of the relationship between total vitamin D
intake and 25(OH)D concentration was 1·96 in the study popu-
lation, and for the lowest vitamin D intake (0·01µg), the 50th
percentile 25(OH)D concentration was 34·5 nmol/l. For this study,
we used this slope value of 1·96 and the value 34·5 nmol/l as
vertical intercept to deﬁne our linear equation:
c= 196 ´ i + 34 5
where i= vitamin D intake (µg/d) and c=mean 25(OH)D
concentration (nmol/l). This assumption was considered
appropriate for our study. The median intake 17·3 and 2·81 µg/d
in the autumn and spring, respectively, were obtained by
converting the median concentrations(17) with the linear equa-
tion. We assumed that the difference between the autumn and
spring intake, 14·5 µg/d, is only due to sun exposure and not a
change in food intake, and it was interpreted as the exposure to
vitamin D due to UVB radiation in summer. We deﬁned a
summer scenario with this value and we also deﬁned a winter
scenario with an intake of 0 µg vitamin D/d due to sun expo-
sure. A mid-season scenario with the average of the summer
and the winter value, 7·25 µg/d, deﬁned the baseline value.
Daily values were multiplied with 7 d to obtain weekly values.
Airborne dioxin
To estimate a value of the exposure to airborne dioxin, we
deﬁned the relationships:
Total mean exposure=mean airborne exposure
+mean exposure from food
Mean exposure from food = x % ´ total mean exposure
From these relationships, we derived a formula for calculating
the mean airborne exposure to dioxin:
Mean airborne expsoure=mean exposure from food ´
100
x
1
 
where x=percentage of total exposure from food, 0< x≤ 100.
We calculated the mean airborne exposure for the study
population, using the population mean (376 pg TEQ/week). As
the baseline value, a conservative assumption, x= 90 %, was
used. An alternative LD value corresponded to x= 95 %.
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Abstract 
Individuals may perceive personalized dietary advice as more relevant and motivational than national 
guidelines. Personal preference and food cost are factors that can affect consumer decisions. The 
objective of this study was to present a method for modelling and analysing the trade-off between 
deviation from preference and food cost for optimized personalized dietary recommendations.  
Quadratic programming was applied to minimize deviation from fish preference and cost 
simultaneously with different weights on the cost for 3,016 Danish adults (whose dietary intake and 
body weight were recorded in a national dietary survey). Model constraints included recommendations 
for eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and vitamin D and tolerable levels for 
methyl mercury, dioxins, and polychlorinated biphenyls (dl-PCBs). When only minimizing deviation 
from preference, 50% of the study population should be recommended to increase fish intake, 48% 
should be suggested to maintain current consumption, and 2%, should be suggested to decrease fish 
consumption. When only minimizing cost, the vast majority (99%) should be recommended to only 
consume herring, which is the least-expensive fish species. By minimizing deviation from preference 
and cost simultaneously with different weights on the cost, personalized optimal trade-off curves 
between deviation from fish intake preference and fish cost could be generated for each individual in 
our study population, except for 22 individuals whose contaminant background exposure was too high. 
In the future, the method of this paper could be applied in the personal communication of healthy and 
safe food recommendations that fit the preferences of individual consumers.
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Introduction 
National food-based dietary guidelines (FBDG) are developed to help consumers make healthy food 
choices and to improve public health 
(1)
. For example, the official Danish FBDG directed at the healthy 
population over 3 years of age recommend an intake of 350 g of fish per week, of which 200 g should 
be fatty fish 
(2)
. If the population would follow these FBDG, a considerable public health gain is 
expected 
(3)
. However, according to national dietary survey data (n=3,016), only about 15% of the 
Danish adult population follow the national recommendation for fish 
(4)
. Furthermore, the variation in 
fish intake between individuals is large, partly due to the fact that 11% did not report consumption of 
fish. The compliance to other Danish FBDG is low as well; for e.g. reducing saturated fat, it is as low 
as 3 %, and for increasing dietary fiber, 16 % of the adult Danes comply with the recommendation 
(5)
. 
The proportion of the Danes that are aware of the FBDG is unknown, and among the aware individuals, 
there is likely a range of factors limiting their adherence. The relationship between awareness of dietary 
recommendations and behaviour change is complicated by several components 
(1)
. Food choice is a 
complex behaviour that is influenced by many interacting factors, and the understanding of the 
determinants of food choice is limited 
(6, 7)
. 
Food cost is known to influence diet quality 
(8–11)
. Groups with lower incomes are less likely to make 
food purchasing choices consistent with dietary guideline recommendations 
(12, 13)
. Hence, fish cost 
may make the Danish national recommendation for fish unattractive and maybe not feasible for some 
individuals in the population.  Another possible, more general reason for the low adherence (15%) may 
be that the recommendation deviates too much from the current fish consumption for a large part of the 
population. Consumers may not be motivated to follow national FBDG if they differ a great deal from 
individual food preferences. 
Since national guidelines have limited effect 
(1, 5, 14)
, alternative and/or complimentary ways to improve 
public health by modifying consumption patterns are relevant. Previous studies suggests that 
consumers may perceive personalized dietary advice as more relevant and motivational than ‘one size 
fits all’ generic guidelines since they can take  personal characteristics such as preference and needs 
into account 
(15–17)
.  
Mathematical optimization of  food intakes (“diet optimization”) have been applied to analyse several 
aspects of diet sustainability 
(18)
.  Mathematical optimization methods are suitable for this purpose, 
thanks to their ability to deal with several factors simultaneously; they provide a multi-dimensional 
approach. Dimensions of diet sustainability include environmental impact, nutritional adequacy, 
affordability, cultural acceptability, and accessibility e.g.  The goal of a diet optimization problem is to 
optimize a combination of food items subject to some predefined criteria. Diet modelling has been 
applied at individual 
(19–22)
 and population level 
(23–25)
.  The majority of the previous diet optimization 
studies have considered nutritional recommendations as criteria and few studies also included 
contaminant exposure limits 
(18)
.  Several diet optimization studies have assessed the cultural 
acceptability dimension of diet sustainability by modelled combinations of foods that deviate as little as 
possible from observed intake 
(19–24)
.  The advantage of such food combinations is that they minimize 
the behavioural changes necessary. Smaller deviations form observed intakes may be more culturally 
acceptable than larger deviations, but no formal definition of minimum deviation from observed intake 
exists 
(18)
. Hence, different methods to minimize this behavioural change can be applied. Linear 
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programming (LP) and quadratic programming (QP) are two alternative approaches for minimizing 
behavioural change subject to a set of constraints, giving different outputs. Diet affordability have been 
analysed in previous diet optimization studies and it has been concluded that a cost constraint can 
impact diet quality negatively 
(9, 26)
.  
This study presents a novel model for generating personalized fish intake recommendations by 
accounting for two factors that are likely to affect consumption: personal preference and fish cost. 
These two factors are minimized simultaneously subject to constraints on nutrients and contaminants. 
Hence, the modelled individual combinations of fish species may be perceived as more sustainable than 
national FBDG, since the model accounts for cultural acceptability and affordability while considering 
nutritional adequacy and contaminant limits. Fish consumption provides health benefits mainly due to 
its content of the nutrients eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and vitamin D, 
but fish consumption also constitutes health risks, mainly due to the presence of the contaminants 
methyl mercury, dioxins, and dioxin-like polychlorinated biphenyls (dl-PCBs) in fish 
(28)
. In previous 
studies, we modelled personalized fish intake recommendations by applying a QP model that 
minimizes the deviation from personal preference (defined as observed individual intake), while 
ensuring that constraints on these nutrients and contaminants are fulfilled 
(21, 22)
. Hence, personalized 
recommendations for fish intake that differed as little as possible from individual preference were 
generated. The results suggest that an intake of 350 g of fish/week, of which 200 g should be fatty fish, 
as recommended by the Danish food authorities, is not necessary 
(21, 22)
. These studies concluded that 
meeting the official recommendation is healthy and safe, but does require larger behaviour changes in 
the population than necessary, which may lead to lack of compliance. This suggests that personalized 
recommendations for fish can work as compliments to the FBDG in favour for improve healthier 
consumption patterns. In this study, the food choice determinant cost was also modelled and analysed. 
The objective of this study was to present a method for modelling and analysing the trade-off between 
deviation from preference (defined as observed individual intake) and cost for optimized personalized 
intake recommendations. As this is a novel method, we wish to point out that this study is first and 
foremost methodological. Fish intake in Denmark demonstrates the use of the model. 
Methods 
Data 
Observed intake and body weights 
The observed intake (7-day estimated records) and self-reported body weights were obtained from the 
Danish National Survey of Diet and Physical Activity (DANSDA) 
(4)
 (n = 3,016, aged 18-75 y). We 
excluded the species garfish and saithe from the optimization variable, which less than 2% of the 
individuals reported. Garfish and saithe were instead defined as background exposure foods. The 
remaining nine reported species were included, denoting the nine elements of the optimization variable 
in the model. The observed intake data is shown in Table 1. The observed intakes of five representative 
individuals in the study population with different personal preference are shown in Table 2. Other than 
to some extent having a clear preference (further explained in the Results section), the individuals were 
arbitrarily chosen. Two of these individuals already fulfilled their nutrient and contaminant constraints, 
i.e., their observed intakes were within the feasible region of the model. 
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Nutrient compositions, contaminant concentrations, and limit values 
The average nutrient compositions (EPA + DHA and vitamin D)  and the average contaminant 
concentrations (methyl mercury and dioxins + dl-PCBs) for the fish species were calculated as in our 
previous study 
(22)
 (see Table 3).  Nutrient compositions for species subcategories such as raw, smoked, 
canned, and marinated were extracted from a Danish food composition database 
(29)
. Nutrient 
compositions for the fish species were calculated as weighted averages of the extracted data with 
weights equal to the reported intake amounts of the different subcategories.  Contaminant 
concentrations for fish subcategories were extracted from two Danish chemical contaminant reports 
(30, 
31)
. The same procedure as for the nutrients was applied to calculate the contaminant concentrations, 
but since there were two contaminant reports, the extra step of calculating the weighted averages of the 
two contaminant reports with the number of samples per report serving as weights was performed. The 
conservative approach regarding methyl mercury as used by EFSA
(32)
 was applied: 100% of total 
mercury in fish was considered as methyl mercury, and 80% of total mercury in seafood other than fish 
was considered as methyl mercury.  
Recommended daily intakes for the nutrients and tolerable weekly intakes for the contaminants (see 
Table 4) were used for calculating limit values for the constraints in the model. The recommendations 
and tolerable weekly intakes are regarding total exposure and therefore background exposure amounts 
are subtracted. Daily values are converted to weekly values in the model by multiplying daily 
recommendations by seven, and per-body-weight values are converted to per-individual values in the 
model by multiplication with individual body weight, as available from the data. 
Prices of fish 
An average price of each fish species product (raw, smoked, canned, or marinated) was calculated from 
prices collected from three Danish online supermarkets (nemlig.com, mad.coop.dk, and osuma.dk) and 
two Danish online fish stores (fiskehuset.dk and fish4you.dk) in April 2018. The prices of the fish 
species in the model (see Table 1) were calculated as weighted averages of the fish products, with the 
mean reported intake of the different products serving as weights. This means that each fish product 
was assigned a weight determining its relative importance for the total price of the corresponding fish 
species. The prices for lean and fatty fish, as well as all fish, were calculated as weighted averages of 
the fish species, with the mean intake of the study population for the different species serving as 
weights.  
Background exposure 
Fish is not the only source of the nutrients and contaminants included in the model. Background 
exposure can be due to consumption of several other foods than fish, dietary supplements, and 
potentially also by other environmental sources. Background exposure amounts were subtracted from 
the recommendations for EPA + DHA, vitamin D, methyl mercury and dioxins + dl-PCBS, as in our 
previous study 
(22)
. The background exposure sources included were foods other than fish, vitamin D 
supplements, sun, and air. For foods other than fish and Vitamin D supplements, individual background 
exposure was calculated from observed intake data 
(4)
 combined with composition and concentration 
data 
(29–31)
  (see Table 5). No EPA+DHA supplementation data were available, and we decided to not 
include EPA +DHA supplementation in the model. 
For the environmental background exposure, no individual data was available. Therefore, estimated 
average values calculated in our previous study 
(22)
 were used for all individuals in the study population 
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(see Table 5). For EPA + DHA, there is no environmental background exposure. For Vitamin D, UVB 
radiation from the sun (that gets synthesized in the skin) is a significant source in Denmark 
(33, 34)
. The 
seasonal variation of the radiation is large; the highest level is in summer, and the lowest in winter. In 
this study, a so called ‘mid-season’ scenario is used, which is the average of a summer scenario and a 
winter scenario 
(22)
. For methyl mercury exposure, fish and seafood consumption is the major source 
(32, 
35)
. We assumed food to be the only source of exposure which was considered appropriate since we 
used conservative assumptions for the methyl mercury concentrations in fish. For dioxins, food 
consumption contribute to more than 90% of the total exposure 
(36)
. We assumed that the remaining 
10% are from air and calculated an estimated average airborne dioxin exposure using this 9:1 
relationship and inserting the average exposure due to food consumption (376 pg TEQ/wk). The total 
background exposure for five representative individuals in the study population is shown in Table 2. 
Model overview 
Quadratic programming model 
The QP model of the study is expressed as: 
   minimize   
𝐱
‖𝐱 − 𝐱𝐨𝐛𝐬‖2 +  𝜆𝐂𝐱     (1)    
subject to       𝐁𝐱 ≥ 𝐛                        (2a) 
                           𝐑𝐱 ≤ 𝐫                        (2b) 
                              𝐱 ≥ 𝟎                        (2c) 
where vector 𝐱 (d×1) is the optimization variable describing weekly intake amounts of d number of 
different fish species [g/week] for one individual, the vector 𝐱𝐨𝐛𝐬 (d×1) describes the individual 
observed intake amounts of the corresponding fish species [g/week], the parameter 𝜆 (≥ 0) is a constant 
that determines the relative importance of the cost of fish intake, the vector C (1×d) describes the prices 
of the different fish species [DKK/g], the matrices 𝐁 (m×d) and 𝐑 (k×d) denote the average of the 
nutrient compositions and contaminant concentrations in fish [mg/g, µg/g, or pg TEQ/g] , respectively, 
and the vectors 𝐛 (m×1) and 𝐫 (k×1) describe the weekly lower and upper intake amounts of the 
nutrients and contaminates [mg/week, µg/week, µg/kg BW/wk, or pg TEQ/kg BW/wk]. 
The solution of this optimization problem, which is a fish intake recommendation for the individual, is 
the vector 𝐱 that fulfils the constraints (equations ( 2a − c)) and minimizes the objective function 
(equation (1)). The model is nine-dimensional, since nine fish species are considered (d=9).  A QP 
model punishes large deviations, and may make small changes in all nine elements in the optimization 
variable. Our assumption is that many smaller are realistic and achievable for consumers, which 
corresponds to the minimum total deviation possible (the shortest distance between the model 
recommendation and the observed intake, as explained below). 
Objective function 
The objective function of an optimization problem choses the optimal solution for 𝐱 among the feasible 
solutions. In our model, the vector 𝐱𝐨𝐛𝐬 (d×1) of the objective function (equation (1)) is a constant 
vector with the observed fish intake amounts [g/week] of an individual, which is defined as individual 
preference. The vector C (1×d) is a constant vector with the prices of the different fish species 
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[DKK/g]. The L2-norm of the difference between the optimization variable and the observed intake, 
‖𝐱 − 𝐱𝐨𝐛𝐬‖2, describes the deviation from the observed intake. This is a straight-line distance, which is 
the shortest distance, between the modelled recommendation and the observed intake, a distance in a d-
dimensional space (d=9 in our case): 
‖𝐱 − 𝐱𝐨𝐛𝐬‖2 =  √|x1 − xobs,1|
2
+  |x2 − xobs,2|
2
+ ⋯ + |xn − xobs,d|
2
              (3) 
The product 𝐂𝐱 is the total weekly cost of fish intake [DKK/week] for the individual when the amount 
of fish described by vector x is consumed. Hence, the objective function (equation (1)) of the model 
minimizes the deviation from the individual observed fish intake (the preference) and the 
corresponding cost of fish intake simultaneously. The parameter 𝜆 (≥ 0) is a constant that determines 
the relative importance of the cost for the optimization. With 𝜆 = 0, the model is identical with the 
model from our previous studies in which the cost was not considered, but only deviation from 
personal preference was minimized 
(21, 22)
. The model of this study can be modified to minimize only 
cost of fish intake by eliminating the L2-norm. Then, the following alternative objective function is 
used: 
   minimize   
𝐱
𝐂𝐱     (4) 
With this cost objective function, the model becomes an LP instead of a QP. When 𝜆 →  ∞ in the 
original model, its objective function becomes equal to the cost objective function. 
Feasible region 
The feasible region of an optimization problem is the set of all possible (feasible) solutions to the 
problem from which the objective function choses the optimal solution. It is the set of vectors that fulfil 
the constraints. The constraints of our model ensure that the modelled recommendation for an 
individual meets the lower limits on the nutrients EPA + DHA and vitamin D (equation (2𝑎)) without 
violating upper limits on the contaminants methyl mercury and dioxins + dl-PCBs (equation (2𝑏)), and 
makes sure that no modelled recommendations are negative (equation (2𝑐)). The vector 𝐛 (m×1) 
describes the weekly lower limits for the nutrient intake amounts due to fish intake (m=2: EPA+ DHA 
and vitamin D), and 𝐫 (k×1) describes the weekly upper limits for the contaminant intake amounts 
(k=2: methyl mercury and dioxins + dl-PCBs). The elements of limit vector 𝐛 are recommended 
intakes for the nutrients subtracted with the individual background intake. For vector 𝐫, the elements 
are tolerable intakes for the contaminants minus the individual amount due to background exposure. 
The matrices 𝐁 (m×d) and 𝐑 (k×d) denote the nutrient compositions and contaminant concentrations in 
fish, respectively. The feasible region of an individual, made up by her/his constraints, is body weight 
dependent (due to the contaminant constraint (equation (2𝑏)) and also dependent on her/his background 
exposure (due to the nutrient and contaminant constraints (equations (2a and 2𝑏))  
Optimal trade-off curve 
In general, there is a trade-off between deviation from personal preference ‖𝐱 − 𝐱𝐨𝐛𝐬‖2 and cost 𝐂𝐱, 
when an individual’s preference is not the combination of fish species that minimize the cost while 
fulfilling the model constraints.  Analysing the trade-off between these two implies analysing how 
much an individual has to deviate from her/his preference if a lower cost of consumption is desired. We 
achieved an optimal trade-off curve between deviation from preference and cost by defining different 
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parameter values 𝜆 and running the QP model with these, whereby 𝜆 parametrizes the optimal trade-off 
curve. We used the arbitrary numbers 𝜆 = 0, 0.2, 0.4, 0.6, 0.8, . . . up to a number that minimizes the 
cost for each individual. For comparison, the model was also run with the cost objective function 
(equation (4)) that only minimizes the cost of fish intake.  
Software 
To solve the QP problem, we used CVX, a Matlab (R2015b, version 8.6) package for specifying and 
solving convex programs 
(37, 38)
. 
Results 
National FBDG and current consumption 
The cost of consuming 350 g of fish/week, of which 200 g is fatty fish, as recommended in the official 
Danish FBDG, is 61 DKK/week. Currently, the average woman in Denmark consumes 186 (78 + 108) 
fish/week and the average Danish man consumes 234 g (100 + 134) fish/week, which cost 33 (13 + 20) 
and 40 (17+23) DKK/week, respectively (see Table 6).  
Personal preference 
When only the deviation from individual preference is minimized (λ = 0 in equation (1)), the average 
values for the modelled recommendations of the study population were 82 g of lean fish and 134 g of 
fatty fish/week for women and 104 g of lean fish and 156 g of fatty fish/week for men (Table 6). The 
suggested changes in fish intake (modelled recommendation minus observed intake) with λ = 0 are 
visualized with an empirical cumulative distribution function in Figure 1. From this figure, we can see 
that the species that should be recommended to be increased the most are mackerel, herring, salmon, 
and trout, in that given order. A total of 48% of the 3,016 individuals (741 women and 703 men) 
already fulfilled their model constraints (for EPA + DHA, vitamin D, methyl mercury, and dioxins + 
dl-PCBs) with their observed consumption, i.e., had current consumption within her/his feasible region. 
These individuals should be recommended retain their fish consumption pattern. Half the study 
population, 50% (788 women and 723 men), should be suggested to increase their fish intake with up 
to 173 g of fish/week in order to meet the lower constraints of the nutrients. A small fraction of the 
study population, the remaining 2% (23 women and 38 men), should be suggested to decrease their fish 
intake due to too high exposure to contaminants with their current consumption. There were 22 
individuals (13 women and 9 men) that had too high of a background exposure to dioxins + dl-PCBs to 
obtain a feasible solution. For these participants, no personalized fish intake recommendation could be 
generated. Instead, these individuals should be suggested to modify their background exposure, 
typically by consuming less animal products 
(22)
. From now on, we exclude these individuals from the 
discussion of the results. The cost for the average modelled fish intake recommendations are 39 (14 + 
25) and 45 (17 + 28) DKK/week for women and men, respectively (see Table 6). 
Cost 
When only cost is minimized (the alternative cost objective function (equation (4)) is used), the cost of 
the average modelled recommendations are 7.4 (0.0 + 7.4) and 7.1 (0.0 + 7.1) DKK/week for women 
and men, respectively (Table 6). When preference is not considered, but the aim is to recommend the 
cheapest fish consumption that fulfils the nutrient requirements, 99% of the study population should be 
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recommended to only eat various amounts of herring. The exceptions are 2 women who should be 
recommended to consume mackerel and trout, and 12 women and 22 men who should be recommended 
to not consume fish at all, since their background exposure to the nutrients and contaminants fulfilled 
the constraints of the model. The average values for the modelled recommendations of the study 
population were 82 g of fatty fish (81.8 g herring, 0.034 g mackerel, and 0.089 g trout)/week for 
women and 79 g of herring/week for men. See the empirical distribution function for the suggested 
changes (modelled recommendation minus observed intake) when only cost of fish intake is minimized 
in Figure 2. 
Personal preference and cost 
The optimal trade-off curve for an individual can be visualized by plotting, with different parameter 
values for 𝜆, the minimized change in cost (modelled cost minus observed cost) 𝐂𝐱 − 𝐂𝐱𝐨𝐛𝐬 
[DKK/week] on the x-axis and the corresponding minimized deviation from her/his preference 
‖𝐱 − 𝐱𝐨𝐛𝐬‖2 [g/week] on the y-axis. For all individuals in our study population, there is a trade-off 
between deviation from preference and cost. This is illustrated for five representative individuals with 
different personal preference. The aim when choosing the individuals was to illustrate the variation in 
trade-off curves. Two individuals were chosen that fulfilled their nutrient and contaminant constraints, 
i.e., their observed intakes were within the feasible region of the model. Three were chosen that did not 
meet their model constraints. Other than these criteria, the individuals were arbitrarily chosen. Below is 
a list of these five individuals (see their recorded fish intakes in Table 2): 
Observed intake within feasible region: 
1) a woman consuming all fish species 
2) a woman only consuming fatty fish 
Observed intake outside feasible region: 
3) a man with the highest fish consumption in the study population 
4) a woman not consuming fish 
5) a man only consuming lean fish 
In Figures 3-7, the optimal trade-off curves for the five individuals along with the modelled 
recommended fish intake [g/week] for different parameter values λ are shown. In Table 7, the 
modelled recommendations with a few different λ are given.  As shown in Figures 3b-7b and Table 7, 
with large enough λ, all individuals should be recommended to consume only herring. The rightmost 
point on any trade-off curve equals λ = 0, which corresponds to the recommended fish intake that 
minimize the deviation from the individual’s preference (Figures 3a-7a). With this parameter value, the 
cost of the fish intake is not considered. When λ>0, the cost is included in the objective function. When 
λ is increased (moving left on the trade-off curve), the cost of fish consumption is decreased. 
Simultaneously, the deviation from the individual’s preference is increased. The deviation from the 
preference is always a positive number, but the change in cost can be both positive and negative. When 
the cost of the modelled fish intake recommendation is larger than the cost of the observed intake, the 
change is positive; otherwise, it is negative. The leftmost point on a trade-off curve corresponds to the 
parameter value λ that minimizes the cost for the individual. As mentioned, when λ becomes large, the 
objective function of the model (equation (1)) approaches the alternative objective function (equation 
(4)) that only minimizes cost. 
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For individual 1 consuming all species of fish and individual 2 consuming only fatty fish (Figures 3 
and 4), both the change in cost and the deviation from preference is 0 when the cost part of objective 
function is removed and only the deviation from personal preference is minimized, i.e. λ = 0. This is 
because the observed intake of these individuals already fulfils the nutrient and contaminant 
constraints, and they would therefore be recommended to retain their fish consumption pattern when 
cost is not considered. As mentioned, this is the case for 43% of the study population (Figure 1a). An 
increased λ (>0) corresponds to a decreased (change in) cost (which, as mentioned, applies to all 
individuals) and a larger deviation from the preference. Individual 3 (Figure 5) has an observed intake 
that is larger than the constraints allow. Hence, the change in cost is negative and the deviation from 
the preference is larger than 0 for all parameter values λ. This individual should be suggested to 
decrease fish intake for any λ, and the larger the λ, the larger the decrease in both fish intake and cost. 
For individual 4 who does not consume any fish (Figure 6), the change in cost is positive and the 
deviation from the preference is larger than 0 for all parameter values λ. This individual should be 
suggested to increase fish intake for all λ, and the larger the λ, the larger the increase in fish intake and 
decrease in cost. When only minimizing the deviation from preference (λ=0), this non-fish consuming 
individual will be recommended the combination of species that gives the minimum total fish intake 
[g/week]. Lastly, for individual 5 only consuming lean fish (Figure 7), the change in cost is positive 
and the deviation from the preference is larger than 0 when λ = 0. Between λ=2.2 and λ=2.4, the change 
in cost goes from positive from negative. Hence, for λ<2.2, the individual would save money by 
following the generated recommendation as compared with consuming the observed intake; and for 
λ>2.4, the modelled recommendation would be the less expensive option. A recommendation that costs 
as much as the observed consumption can be given to this individual. 
Discussion  
To our knowledge, this is the first intake optimization study that simultaneously minimizes deviation 
from preference, which is defined as observed intake, and food cost. This allows for analysing the 
optimal trade-off curve between these two factors that may affect consumer choice. Fish consumption 
in Denmark was used for demonstrating the method and the model. As food choice is complex, it is not 
known with certainty to what extent and in which direction personal preference and cost affect 
individual’s food choices. With this complexity, the model developed enables analysing the 
combination of these two important food choice determinants on individual level. We concluded that 
an optimal trade-off curve between deviation from fish intake preference and cost of fish could be 
generated for each individual in our study population of 3,016 adult Danes, aside from 22 individuals 
who had a too high background exposure to the contaminates we included in the study (methyl mercury 
and dioxins+dl-PCBs). In order to obtain a trade-off curve, these individuals would need to modify 
intake other than fish. 
When only minimizing the deviation from preference for the individuals in the study population, 50% 
should be suggested to increase their fish intake. This was also concluded in our previous fish intake 
optimization study 
(22)
. The species that should be recommended to be increased the most are mackerel, 
herring, salmon, and trout, in that given order. These are all fatty fish species, which are highest in 
EPA+DHA and vitamin D. The costs for the ‘average recommendations’ are 39 and 45 DKK/week for 
women and men, respectively. As compared with the cost when consuming 150 g of lean fish and 200 
g of fatty fish, which is 61 DKK/wk, the modelled recommendations that minimize the deviation from 
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preference would be 20 and 14 DKK less expensive per week for the average woman and man, 
respectively. 
When only minimizing the cost, the vast majority of the study population (99%) should be 
recommended to only consume herring. This is due to the fact that herring is the least expensive fish, 
while its nutrient compositions and contaminant concentrations allow for a feasible solution for all 
individuals except two women, who should be recommended to include mackerel and trout as well. 
However, it is not realistic to recommend almost a whole population to consume only herring. First, the 
recommendations generated by minimizing cost do not account for preferences that probably make 
them unrealistic in the first place. As the constant λ determines the relative importance of the preferred 
diversity of an individual, in this “extreme case” when λ→ ∞, a potential preference for diversity in 
fish species consumed is not considered separately in the model. Second, overfishing would most likely 
be a problem if the proportion of individuals that should be recommended to only consume herring as 
derived in this study is extrapolated to the general population. Third, the price of herring would 
eventually increase if the demand suddenly increased dramatically. Fourth, the recommendation would 
likely lead to discontent among the fish industry. 
We argue that it is appropriate to minimize the deviation from the preference and cost simultaneously 
when generating personalized fish intake recommendations, since both factors may affect consumer 
choice and the aim is to obtain as realistic and achievable fish intake recommendations as possible. For 
example, salmon and trout, which are two of the species that should be increased the most when only 
minimizing deviation from preference, are relatively expensive fish species. Hence, recommending 
these species to some individuals may result in lower adherence as compared with a recommendation 
that deviates more from their current preference, but to a lower cost.  However, the relative importance 
of the cost is hard to draw conclusions on; we cannot define the best value for λ as it is a specific and 
subjective individual choice.  Data on correlations between cost and consumer choice is needed in 
order to draw conclusions on the optimal trade-off between cost and personal preference. 
Communication of the personalized recommendations generated with this model is a future research 
topic. A prospective utilization of the model could be to apply it in a user-friendly software tool (an app 
or a computer program e.g.) that the population could access. This would allow individuals to generate 
personalized recommendations themselves and analyse her/his personal trade-off curve between 
deviation from preference and cost. If an individual is not interested in e.g. minimizing the cost, the 
parameter λ can be set to 0. The model can be modified to not allow undesired species in the 
recommendation, which allows individuals to personalize their trade-off curves further. Data on 
preference regarding undesired fish species would have benefitted the analysis in this study, but no 
such data was available. However, if applied in an app, such data could easily be inserted by the user. 
Previous studies have applied LP to model diets that deviate as little as possible from individual 
observed diets 
(19, 20)
. In general, QP may make small changes to all elements of the optimization 
variable, whereas LP typically makes large changes in a few elements and leaves the others unchanged.  
What is perceived as realistic changes in intake is probably individual specific. Some individuals may 
prefer to make several small changes, and other may prefer fewer larger changes. We had no data on 
this preference, but we made the assumption that QP modelling generates more acceptable fish intake 
recommendations for our study population. This assumption is based the fact that a recommendation 
would be ineffective if an individual was suggested to only consume a lot (more) of a species that 
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she/he did not want to consume (more of). We argue that several small changes may be less likely to be 
deemed unacceptable, especially when new species are recommended to be introduced. As mentioned, 
it would be best if data regarding individual undesired species was available. Researchers that 
developed the Dutch food-based dietary guidelines have compared QP and LP, and they concluded QP 
resulted in more acceptable intakes
(39)
.  This is in line with our assumption, but since we model 
individual fish intake recommendations, we can’t directly transfer this conclusion to our case. A future 
research topic could be to perform a sensitivity analysis on the difference between QP and LP when 
minimizing the optimal trade-off curve between personal fish intake preference and cost. 
Recently, more and more countries have stated to incorporate sustainability considerations into their 
FBDGs, for example the environmental dimension 
(27)
. Fish consumption arise a significant trade-off 
between health and environment. Therefore, consumption of fish from sustainable stocks is 
increasingly incorporated in recommendations. This study on fish intake assessed the nutrition/health, 
the economic/affordability, and the cultural acceptability dimensions of diet sustainability. Several diet 
optimization studies have analysed the environmental dimension when generating sustainable diets 
(18, 
40–43)
, by including one or more environmental metrics such as greenhouse gas emissions, land use, 
fossil use. Our model could in a future study, in line with the developments of the FBDGs and the 
focus on sustainable fish species, be modified to include some environmental metric. 
The prices of the fish species used in this study were collected in the month of April. However, there 
may well be a seasonal variation in the prices. Also, average values were used, which may not reflect 
the behaviour of the population; some individuals may consequently prefer to buy low-price products, 
whereas others may choose the more expensive options. The nutrient compositions and contaminant 
concentrations for different fish species were described by average values in the model. This can be 
argued to reflect a realistic long-term consumption and exposure. Furthermore, there may be variation 
in nutrient compositions and contaminant concentrations depending on region and season of capture, 
whether the fish is wild-caught or farmed-raised, etc. (6), but the intake data did not provide such 
information, the model could not be personalized considering this.  
Only EPA+DHA, vitamin D, methyl mercury, dioxins and dl-PCBs were included in the modelling in 
this study. To make the results more precise, additional nutrients and/or contaminants present in fish 
could be included in the model. We considered it suitable to only include these nutrients and 
contaminants that present the major benefits and risks, since this paper is mainly methodological. Also, 
substitution with other foods was not considered in the model. It is likely that an individual would 
modify some other food intake if increasing or decreasing the intake of fish, which would change 
her/his background exposure 
(3)
. The approach of this paper could be extended to optimize the intake of 
several foods or whole diets. With whole diet optimization  
(19, 20, 23)
, the substitution between foods is 
naturally covered in the model. The whole diet approach can also cover all dietary recommendations, 
and not only those associated with fish, as in this study. This, however, requires a lot of additional data, 
in terms of compositions, concentrations, prices, and limit values etc.  
Furthermore, the results of this method should be applied in a real-life setting in order to validate their 
impact. In this paper, we assumed that the personalized dietary recommendations deviating as little as 
possible, to possibly at a lower cost, will have higher adherence than general FBDG, but it is not 
certain and we found no literature verifying this. Exploring this would require knowledge from other 
research fields. 
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Table 3. Nutrient compositions and contaminant concentrations for fish 
(29–31) 
. 
 EPA+DHA, 
mg/g 
Vitamin D, 
µg/g 
Methyl mercury, 
µg/g 
Dioxins dl-PCBs, 
pg TEQ/g 
Lean fish (≤ 5% fat) 
Cod (raw) 2.2 0.010 0.045 0.13 
European plaice (raw) 6.0 0.011 0.035 0.31 
Tuna (can) 2.0 0.027 0.151 0.05 
European flounder 
(raw) 
4.2 0.0080 0.035† 0.65 
Fatty fish (> 5% fat) 
Salmon (raw, smo) 16 0.079 0.011 0.81 
Herring (mar, raw, smo) 18 0.095 0.037 1.2 
Mackerel (can, smo, 
raw) 
26 0.044 0.28 1.0 
Trout (raw) 14 0.16 0.023 0.38 
Greenland halibut (raw, 
smo) 
8.0 0.048 0.057 0.56 
 
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; dl-PCBs, dioxin-like polychlorinated biphenyls; TEQ, 
toxic equivalency; smo, smoked; mar, marinated   
† Plaice data 
 
 
Table 4. Recommendations for nutrients and contaminants. 
 Value Reference 
Recommended daily intake  
EPA+DHA, mg/day                                                        250 (44) 
Vitamin D, µg/day 10 (45) 
Tolerable weekly intake  
Methyl mercury, µg/kg BW/wk 1.3 (32) 
Dioxins + dl-PCB, pg TEQ/kg BW/wk 14 (46) 
 
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; BW, body weight; wk, week; dl-PCBs, dioxin-like 
polychlorinated biphenyls 
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Figure 1: Deviation from personal preference is minimized: empirical cumulative distribution functions for the
suggested changes in fish intake (modeled recommendation minus observed intake) for the study population
with λ = 0. Total lean fish and total fatty fish a) and all nine species (b). The value on the y-axis corresponding
to a specified value of change in fish intake on the x-axis is the fraction of individuals in the study population
that should be suggested to make a change less than or equal to the specified value on the x-axis.
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Figure 2: Cost is minimized: empirical cumulative distribution functions for the suggested changes in fish
intake (modeled recommendation minus observed intake) for the study population with the alternative cost
objective function (4). Total lean fish and total fatty fish a) and all nine species (b). The value on the y-axis
corresponding to a specified value of change in fish intake on the x-axis is the fraction of individuals in the
study population that should be suggested to make a change less than or equal to the specified value on the
x-axis.
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Figure 3: Optimal trade-off curve between deviation from preference and change in cost (modeled cost minus
observed cost) (a) and modelled fish intake recommendation for different parameter values λ (b) for a woman
consuming all nine fish species (individual 1).
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Figure 4: Optimal trade-off curve between deviation from preference and change in cost (modeled cost minus
observed cost) (a) and modelled fish intake recommendation for different parameter values λ (b) for a woman
only consuming fatty fish species (individual 2).
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Figure 5: Optimal trade-off curve between deviation from preference and change in cost (modeled cost minus
observed cost) (a) and modelled fish intake recommendation for different parameter values λ (b) for a man
with the highest fish consumption in the study population (individual 3).
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Figure 6: Optimal trade-off curve between deviation from preference and change in cost (modeled cost minus
observed cost) (a) and modelled fish intake recommendation for different parameter values λ (b) for a woman
not consuming fish (individual 4).
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Figure 7: Optimal trade-off curve between deviation from preference and change in cost (modeled cost minus
observed cost) (a) and modelled fish intake recommendation for different parameter values λ (b) for a man
only consuming lean fish species (individual 5).
10
General Discussion
10.1 Main Findings
In this thesis, mathematical optimization, more specifically Quadratic Program-
ming (QP), was applied to generate personalized fish intake recommendations for
3016 Danish adults from the Danish National Survey of Diet and Physical Activ-
ity (DANSDA). An overview of the developed models is visualized in Figure 10.1.
All models apply the same nutrient and contaminant constraints, derived from Di-
etary Reference Values (DRVs) and Health-Based Guidance Values (HBGVs). The
elements of the model optimization variables represent fish species. In Paper A, the
model was also run on subgroup level, in which case the elements of the optimization
variable denote the subgroups lean and fatty fish.
In Papers A and B, personalized fish intake recommendations that deviate as
little as possible from individual observed fish intake, i.e., personal preference, were
generated. Advice that may introduce new fish species to an individual, as well
as advice that only include species that had been reported by the individual were
modeled. In Paper A, estimated average background background exposure values
Paper A Paper B Paper C
Optimization
variable
Fish species or
Fish subgroups
Fish species
Objective
function
Minimize deviation from preference
Minimize deviation
from preference
and cost or cost
Constraints EPA+DHA, vitamin D, methyl mercury, dioxins+dl-PCBs
Background
Exposure
Estimated Averages
Individual values
Scenario analysis
Individual values
New species
in advice
Allowed or
not allowed
Allowed or
not allowed
Allowed
Study
population
3016 Danish adults from DANSDA
Figure 10.1 Overview of the models of the three papers of this thesis.
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were used for all individuals in the study population. These values were derived from
background exposures calculated in a previous optimization study on seafood intake
on population level [Sirot et al., 2012b]. In Paper B, the model from Paper A was
expanded to include personalized background exposures calculated from individual
intake data and estimations on exposure due to environmental sources. A scenario
analysis with different background exposures scenarios was performed. The main
findings from Paper A and B are listed below:
 For the vast majority of the study population, several combinations of fish
intake could fulfill the model constraints. Hence, a range of recommendations
could have been generated for the majority of the individuals, but the ob-
jective functions chose the fish intake levels that deviated the least form the
individuals’ preferences as recommendation.
 About half of the study population had an observed intake lower than the
nutrient constraints allowed when individual background exposure was consid-
ered. These results suggest that about half of the study population should be
recommended to increase their fish intake. Few individuals, just 2%, had an
observed fish intake that exceeded the contaminant constraints. These people
should be recommended to decrease fish intake. The remaining individuals had
an observed fish intake within their feasible region, and should therefore be
suggested to maintain their current fish consumption.
 Fatty fish species should be prioritized over lean fish species when increas-
ing fish intake, due to the fact fatty fish species have the highest content of
EPA+DHA and vitamin D.
 When the models were modified to only allow reported fish species in the
recommendations, larger intake amounts of fish should be suggested compared
to when all species are allowed. Also, fewer individuals obtained a feasible
recommendation.
 An intake of 350 g fish/week of which 200 g should be fatty fish, i.e., the recom-
mendation from the Danish official Food-Based Dietary Guidelines (FBDGs),
is expected to be healthy and not harmful, according to the model constraints.
However, on the basis of the components included in the models, this advice
requires larger behavior changes than necessary.
 The feasible regions are sensitive to variation in background exposure, espe-
cially the background exposure to vitamin D, which can be provided by several
sources, e.g., foods, supplements, and sun light.
 Including individual background exposure provides more precise results, but
require more data. As the feasible regions and thereby the generated fish intake
recommendations were sensitive to the variation in background exposure, it
was appropriate to include individual data for background exposure in the fish
intake case.
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In Paper C, the model from Paper B was expanded to also account for cost of fish.
This model minimize deviation from preference and cost simultaneously. By step-
wise increasing the relative importance of the cost with a constant λ, individual
optimal trade-off curves between deviation from personal fish preference and cost of
fish could be generated. The model in Paper C was also modified to generate the
least expensive fish intake recommendation, without considering personal preference.
The main findings from Paper C are listed below:
 It may be appropriate to minimize the deviation from preference and cost si-
multaneously when generating personalized fish intake recommendations since
both factors may affect consumer’s choice. However, no conclusions of the rel-
ative importance of the cost can be drawn, as this is a subjective consumer
choice.
 The optimal trade-off curves give information on how much the individuals
have to deviate from their fish intake preference in order to reduce the cost,
which is a personal choice.
 When only minimizing the cost, the vast majority of the study population
should be recommended to only consume herring. This is an unrealistic rec-
ommendation for several reasons, and this result indicates how the model may
generate unrealistic results when current dietary patterns are not considered.
All three papers show how mathematical optimization, specifically QP, can be used
to derive personalized fish intake advice that account for personal preference. As the
aim of this thesis is to develop methods for generating personalized dietary advice,
we will discuss the methods applied in more dept and beyond the fish intake case in
the following section.
10.2 Methods
Mathematical optimization techniques have been applied to study a variety of diet re-
lated issues [Gazan et al., 2018; Van Dooren, 2018]. The multi-dimensional property
of mathematical optimization is beneficial when approaching the complex nature of
diets and these techniques allow for combining several dimensions of diet problems
in a transparent manner. To our knowledge, this thesis is the first work that applies
QP to model personalized dietary advice that accounts for both risks and benefits
of food consumption.
It is also the first to investigate the effect of the variation of background exposure
for food item optimization. For the fish intake case, the results were sensitive to the
variation in background exposure. However, this may not be the case for all food
item optimization problems. The sensitivity is dependent on the relative importance
of the background exposure to the components included, as well as the uncertainty
and variation in the background exposures. For food item optimization problems,
the added value of including individual data for background exposure should be
weighted against the extra effort required. A rough scenario analysis with different
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average background exposure values may be performed to investigate how sensitive
the results are to this variation, in order to make a conscious decision on whether
or not to include individual data. This applies to all background exposures, but
especially to supplements which often cover the recommended intake of a nutrient
alone, and individuals either take or not take supplements.
A novel method for analyzing the optimal trade-off between personal food prefer-
ence and food cost is developed in this thesis. In previous diet optimization studies,
trade-offs between dietary change and metrics such as diet cost and environmen-
tal impact have for example been analyzed by step-wise modifying the model con-
straints [Gazan et al., 2018; Horgan et al., 2016; Perignon et al., 2016; Vieux et
al., 2018; Kramer et al., 2017a]. This is implemented by progressively varying, i.e.,
strengthening or adding, constraints on e.g. diet cost, environmental impact, or de-
viation from preference. In contrast, the method developed in this thesis applies
a step-wise approach to modify the objective function, which minimizes deviation
from personal preference and cost simultaneously. By step-wise increasing the rel-
ative importance of the cost, this allows for generating individual-specific optimal
trade-off curves between deviation from preference and cost. This new method is
promising for future applications, which will be discussed in the future perspectives
section.
The models of this thesis can be expanded to include food item constraints to
consider risks and benefits of consumption of the food in focus. Such food item
constraints should be based on evidence on health effects related to the whole food.
For the fish intake case, this would translate to constraints on total fish intake, on
total fatty/lean fish intake, or on intake of specific species. In a French optimization
study on seafood consumption, a constraint was set to limit the fatty fish intake to
200 g/week [Sirot et al., 2012b]. The motivation for this was that it has been shown
that consumption of more than this amount in addition to the consumption of other
seafood does not result in any further significant benefit on cardiovascular health,
as compared to consumption lower than this amount [Sirot et al., 2012a]. It was
concluded that the additional constraint on fatty fish did not to modify the results
significantly [Sirot et al., 2012b]. We did not include this constraint, because other
health effects than cardiovascular health may be a result of intake of EPA+DHA,
vitamin D, or fish in general. As this thesis is focused on the development of the
methodology, we limited the number of constraints to only consider components
that have been concluded to represent the major risks and benefits due to fish
consumption [Norwegian Scientific Committee for Food Safety (VKM), 2014].
Substitution of fish with other foods is not considered in the models of this thesis.
When modeling diets, food substitution is a relevant issue [Thomsen et al., 2018;
Thomsen et al., 2019]. For example, when fish intake is increased, the intake of other
foods is probably decreased and vice versa. In order to deal with substitution in diet
optimization, the foods that are involved in the substitution can be represented in the
optimization variable. The models of this thesis can be expanded to include several
foods in the optimization variable. Hence, the developed methods can be applied
to optimize whole diets. Several previous diet optimization studies have applied the
whole diet approach [Gazan et al., 2018; Maillot et al., 2009; Maillot et al., 2010;
Barre´ et al., 2016]. Advantages of the whole diet optimization are that this approach:
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 Includes the whole picture of the diet, which is the total intake of and individ-
ual.
 Naturally deals food substitutions.
Disadvantages the whole diet optimization are that the approach:
 Requires many data, such as compositions, concentrations, DRVs, HBGVs,
possibly prices etc.
 May lose focus on the fish intake, if fish intake is the focus of the study, which
is the case in this thesis.
The models of this thesis aim to generate as achievable and acceptable dietary
recommendations as possible. This is a common objective of diet optimization and
the approach of minimizing the deviation from observed food intake is often applied
for this purpose [Gazan et al., 2018; Maillot et al., 2009; Maillot et al., 2010; Maillot
et al., 2017; Barre´ et al., 2016; Barre´ et al., 2018; Vieux et al., 2018; Van Dooren et
al., 2015; Darmon et al., 2003; Lluch et al., 2017; Perignon et al., 2016; Horgan et al.,
2016; Tyszler et al., 2016; Kramer et al., 2017a]. As there is no common definition
of deviation from observed food intake, different objective functions can be applied
and will generate different recommendations. In the following section, we investigate
this and motivate our choice of objective function.
10.2.1 Choice of Objective Function
In this section, we perform an analysis on the performance of four different objec-
tive functions. The QP approach is compared with the Linear Programming (LP)
approach, without and with standardization, for the case on fish intake in Denmark.
This analysis serves as motivation of the choice of applying QP without standard-
ization in this thesis. It also serves as a foundation for expanding the discussion on
choice of objective function beyond the fish intake case.
The QP model from Paper C that only minimize deviation from observed intake,
i.e., λ = 0, is used for the comparison. This model is refereed to simply as the QP
model in this analysis. The QP model is compared with an LP model that is not
applying standardization across foods, referred to as the LP model, and two models
that are applying standardization across foods, referred to as the QPS model and
the LPS model, respectively. Figure 10.2 shows the objective functions of these four
models. The nutrient and contaminant constrains are identical for all four models
(see Figure 10.1).
Personalized fish intake recommendations for 2994 participants from DANSDA
were generated with the four different models. Almost half of the individuals, 1422
persons, had an observed consumption that meet the constraints of the models.
Hence, no change in fish intake is necessary for these individuals and the generated
recommendation of all four models is equal to the observed intake, x = xobs. The
rest of the individuals should be suggested to change their fish consumption patters;
1511 persons should increase their total fish intake whereas 61 individuals should
decrease this consumption, as concluded in Paper C. For convenience, in this com-
parison we only consider the generated recommendations for individuals that should
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QP, l2–norm* LP, l1–norm**
No standardization QP.
√∑n
i=1 |xi − xobs,i|2 LP.
∑n
i=1 |xi − xobs,i|
Standardization QPS.
√∑n
i=1
∣∣∣xi−xobs,ixobs,i ∣∣∣2 LPS. ∑ni=1 ∣∣∣xi−xobs,ixobs,i ∣∣∣
Figure 10.2 Objective functions of the four models that are compared: QP, LP,
QPS, and LPS. The index n describes the number of food items, which is 9 in this
case, x1, ...,xn are the elements of the optimization variable x and xobs,1, ...,xobs,n
are the elements of the vector with the observed intakes xobs. *Squaring the objec-
tive function turns this problem in to a QP problem. **Additional constraints can
convert the problem to a LP problem.
Table 10.1 Observed intake for 1511 individuals in the study population that
should be suggested to increase their fish intake. wk, week; AV, average; SD, stan-
dard deviation; MED, median; IQ, interquartile range.
Observed intakes, xobs, g/wk
AV±SD MED(IQR) Min/Max
Total 69±80 42(105) 0.0/492
Lean fish 54±77 15(82) 0.0/486
Cod 17±44 0.0(10) 0.0/373
Plaice 13±42 0.0(0.0) 0.0/404
Tuna 19±43 0.0(16) 0.0/440
Flounder 5.1±17 0.0(0.0) 0.0/167
Fatty fish 15±23 2(23) 0.0/147
Salmon 5.9±12 0.0(6.0) 0.0/91
Herring 3.2±10 0.0(0.6) 0.0/96
Mackerel 4.6±8.6 0.0(6.6) 0.0/99
Trout 0.6±3.2 0.0(0.0) 0.0/38
Hailbut 0.4±5.2 0.0(0.0) 0.0/146
be suggested an increase in total fish intake, i.e., obtained a total modeled intake
that was larger than the total observed intake. The lower nutrient constraints on
EPA+DHA and vitamin D are the critical constraints for this group of the popula-
tion. In general, these individuals have lower intakes of fatty fish species as compared
to lean fish species. Lean fish species have lower concentrations of EPA+DHA and
vitamin D than lean fatty species. See the observed intakes of the 1511 individuals
in Table 10.1.
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QP vs LP We start by comparing the QP model and the LP model. The LP
model generates smaller total changes in fish intake than the QP model, as shown in
Table 10.2. The average of the total changes is 44 and 68 g/week with the LP model
and the QP model, respectively and the median of the total changes is 47 and 73
g/week with the LP model and the QP model, respectively. The maximum change
is also lower with the LP model, 112 g/week as compared to 173 g/week with the
QP model.
The LP model only generates changes in mackerel and/or trout for all individuals
(see Table 10.2). This is because mackerel has the highest EPA+DHA concentra-
tion and trout has the highest vitamin D concentration. Especially the changes in
mackerel are large, 36 g/week in average. In comparison, the QP model generates
smaller changes in several fish species, but in general larger changes in the fatty
fish species, which have higher concentrations of the nutrients as compared to the
lean fish spices. The largest changes generated with the QP model is in mackerel,
like with the LP model. However, since the QP model generate changes in several
fish species, the average of the changes in mackerel is lower with the QP model: 16
g/week, which is less than half of the amount generated with the LP model.
If only total fish intake is considered, the LP model generates smaller, and thereby
most likely more acceptable, changes in fish intake the QP model. However, we as-
sume that many smaller changes in several species as generated by the QP are more
likely to be considered acceptable by the study population as compared to larger
changes in mackerel and/or trout only, as generated by the LP model. The argument
for this is that we do not know which fish species individuals consider acceptable to
start consuming, or increase intake of. If an individual do not accept mackerel and/or
trout, the recommendation generated by the LP model becomes useless. It should
be mentioned that QP may generate unnecessary many changes in the case when
many of the observed intakes are zero. However, the observed fish intakes were 7-day
estimated records. Other species of fish may well have been consumed by an individ-
ual during another week than the week of recording. Therefore, a recommendation
including up to 9 species may be relevant.
Standardize Across Fish Species Minimizing the relative deviation, or stan-
dardizing across food, means that larger changes are generated for foods that are
consumed in larger amounts. As shown in Table 10.3, both the QPS model and
the LPS model generate larger changes in the lean fish species than the fatty fish
species. This is because the individuals in general have lower intakes of fatty fish
species as compared to lean fish species, as shown in Table 10.1. Since the lean fish
species have lower nutrient concentrations, higher amounts are required to reach the
nutrient limits as compared to when increasing intakes of fatty fish species.
The total changes in fish intake gendered with the QPS and LPS models are
considerably larger than those generated with the QP and LP models. Looking at
the fatty fish species, the models that apply standardization generate a bit smaller
changes compared to when not applying standardization. For the lean fish species,
the changes generated by the QPS and LPS models are considerably larger than the
changes generated by the QP and LP model, whereby the change in total fish intake
becomes larger.
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Table 10.2 The suggested positive change, i.e., modeled intake minus observed
intake, for 1551 individuals the study population generated with the QP model and
the LP model. wk, week; AV, average; SD, standard deviation; MED, median; IQ,
interquartile range.
QP LP
Change, x− xobs, g/wk Change, x− xobs, g/wk
AV±SD MED(IQR) Min/Max AV±SD MED(IQR) Min/Max
Total 68±32 73(51) 0.1/173 44±22 47(33) 0.1/112
Lean fish 9.7±4.5 10(7.4) 0.0/3.6 0.0±0.0 0.0(0.0) 0.0/0.0
Cod 1.5±0.7 1.6(1.1) 0.0/3.6 0.0±0.0 0.0(0.0) 0.0/0.0
Plaice 3.8±1.9 3.9(3.3) 0.0/6.6 0.0±0.0 0.0(0.0) 0.0/0.0
Tuna 1.8±1.5 1.6(1.1) 0.0/9.7 0.0±0.0 0.0(0.0) 0.0/0.0
Flounder 2.6±1.3 2.7(2.3) 0.0/4.7 0.0±0.0 0.0(0.0) 0.0/0.0
Fatty fish 58±28 62(43) 0.1/153 44±22 47(33) 0.1/112
Salmon 11±5.3 12(8.4) 0.0/28 0.0±0.0 0.0(0.0) 0.0/0.0
Herring 13±6.1 14(14) 0.0/34 0.0±0.0 0.0(0.0) 0.0/0.0
Mackerel 16±8.3 17(7.8) 0.0/29 36±20 38(34) 0.0/67
Trout 12±8.6 11(7.8) 0.0/57 8.2±18 0.0(0.0) 0.0/100
Hailbut 5.8±2.9 6.1(4.4) 0.0/17 0.0±0.0 0.0(0.0) 0.0/0.0
Comparing the models that apply a linear objective function, the LPS model may
generate more acceptable fish intake recommendations than the LP model. Even
tough the total changes in fish intake generated by the LPS model may be larger,
the recommendations include other species than mackerel and/or trout. Comparing
the models that apply a quadratic objective function, both the QP and the QPS
model may generate changes in all species. The QP model is assumed to be more
appropriate than the QPS model, since the total changes in fish intake when applying
the standardization may be unnecessarily large. Comparing the QP and the LPS
models, we assume that the QP model may generate the most acceptable behavioral
changes. Even tough the LPS model suggest larger changes in the fish species that
are observed to be consumed in higher amounts, the total changes in fish intake may
be unnecessarily large.
To summarize, this analysis suggests that the QP model is the most appropri-
ate model for optimizing individual fish intake recommendations in Denmark. Our
choice of applying QP is based on this assumption. As this is an hypothesis, fur-
ther investigations are needed before any conclusions can be drawn. This is a future
research topic.
Whole Diet Optimization and Optimization on Population Level The per-
formed comparison is limited to food item optimization on individual level, since the
case of individual fish intake in Denmark was used. However, the results provide in-
dication of the outcome of the different techniques, and allow us to expand the
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Table 10.3 The suggested positive change, i.e., modeled intake minus observed
intake, for 1551 individuals the study population generated with the QPS model
and the LPS model. wk, week; AV, average; SD, standard deviation; MED, median;
IQ, interquartile range.
QPS LPS
Change, x− xobs, g/wk Change, x− xobs, g/wk
AV±SD MED(IQR) Min/Max AV±SD MED(IQR) Min/Max
Total 168±175 100(168) 0.2/1323 169±220 65(165) 0.2/1584
Lean fish 125±186 16(186) 0.0/1309 132±236 0.0(191) 0.0/1584
Cod 27±97 1.3(2.4) 0.0/1197 21±110 0.0(0.0) 0.0/1261
Plaice 17±70 1.9(6.1) 0.0/121 15±85 0.0(0.0) 0.0/1455
Tuna 68±150 2.0(15) 0.0/719 80±193 0.0(0.0) 0.0/854
Flounder 12±50 0.6(3.9) 0.0/910 17±92 0.0(0.0) 0.0/1584
Fatty fish 44±34 39(60) 0.0/202 37±32 35(57) 0.0/223
Salmon 14±18 9.0(17) 0.0/200 10±26 0.0(0.0) 0.0/203
Herring 7.9±11 2.1(15) 0.0/110 3±13 0.0(0.0) 0.0/122
Mackerel 14±16 9.4(24) 0.0/173 21±27 4.8(44) 0.0/233
Trout 5.4±8.0 1.0(9.6) 0.0/56 2.6±12 0.0(0.0) 0.0/98
Hailbut 2.7±4.2 0.3(5.3) 0.0/69 0.1±2.3 0.0(0.0) 0.0/69
discussion to applications on whole diet optimization on individual level. Standard-
izing across foods may be appropriate for whole diet optimization on individual level,
both when applying a quadratic and a linear objective function. Different foods are
naturally consumed in different quantities [Pedersen et al., 2015]. Therefore, recom-
mending a larger change in a food that is generally consumed in a higher amount
than a food that is consumed in a smaller amount is probably more acceptable. Stan-
dardization can be performed on food subgroup and food group level as well [Barre´
et al., 2016; Perignon et al., 2016; Barre´ et al., 2018].
As for optimization on population level, it has previously been suggested that QP
may generate more useful solutions when changing diets on population level [Van
Dooren, 2018]. The researchers who developed the Dutch national FBDGs also con-
cluded that QP may give more achievable results as compared to LP [Kramer et
al., 2017b]. As the comparison performed in this chapter is focused on optimization
on individual level, we do not speculate on which method is better for whole diet
optimization. More research should be performed in order to investigate this.
10.2.2 Diet Optimization and RBA
Both risks and benefits related to fish consumption are considered in the methods
developed in this thesis. Risk-Benefit Assessment (RBA) is another a tool that can
be applied for development of dietary advice that considers risk and benefits of food
consumption. In this section, we address similarities and differences between diet
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optimization and the RBA method. We also put the work of this thesis into an
RBA context. In the future perspectives, we will provide a suggestion on how diet
optimization can be integrated as a step of an RBA.
The overall aim of RBA is to compare and/or integrate health risks and benefits
associated with a change in food consumption [EFSA Scientific Committee, 2010;
Tijhuis et al., 2012; Verhagen et al., 2012; Hoekstra et al., 2012; Boobis et al., 2013;
Boue´ et al., 2015; Nauta et al., 2018; Pires et al., 2018]. The RBA process is based
on the comparison of different consumption scenarios. In contrast, diet optimization
aims at finding the optimal consumption scenario without performing comparison
to other scenarios. As there is no common definition of optimal consumption, the
objective function and the constrains of an optimization model define the optimal
intake of the application. Examples have been discussed in Section 6.5. In order
to define an optimal intake scenario with the RBA method, several pairwise com-
parisons can be performed. As an example, an RBA on optimal vitamin D intake
applied such pairwise comparison [Berjia et al., 2014]. In RBA, optimal consumption
may refer e.g. to an intake scenario that represent the maximum health gain in a
population, as compared to a reference scenario. The output of such a comparison
can e.g. expressed be in DALYs.
RBA can be applied to quantify the net health impact of a specified change in
consumption. Three methods of comparison can be applied: thresholds/constraints,
common health metrics, and composite health metrics. The two latter comparison
methods allow for quantifying the net health impact of switching from one con-
sumption scenario to another. At least one health risk and one health benefit should
be associated with the intake, or change in intake. In diet optimization, thresh-
olds/constraints are applied for defining a feasible region, i.e., for generating a set of
consumption scenarios that all are possible solutions of the problem. The objective
function chooses the best, according to some criteria, solution among these candi-
date consumption scenarios. Hence, diet optimization does not quantify and health
effects, but rather define all consumption scenarios that fulfill the model constraints
as healthy, when nutritional constraints are applied, or healthy and safe, when both
constraints on nutrients and contaminants are applied.
An example of a question that can be answered with RBA is what would be the net
health impact of a changing from the current fish intake to the recommended intake in
the Dutch population? [Hoekstra et al., 2012]. This question requires a quantitative
integration of risks and benefits, i.e., step five in the RBA process (see Figure 3.3).
An example of a question that can be answered with diet optimization is are the
dietary changes needed in the French population to achieve nutritional adequacy
compatible with acceptable exposure to food contaminants? [Barre´ et al., 2016]. These
two examples highlight the differences discussed above: the RBA involves health
risks and benefit quantification and integration by scenario comparison, and the diet
optimization question involves minimizing needed change in consumption subject to
nutritional and toxicological thresholds.
RBA can be performed on three levels of aggregation: component, food and
diet level. In diet optimization, the optimization variable describes food items or a
whole diet and the generated solution of a problem are combinations of food items.
Hence, diet optimization can be performed on the latter two of those three levels of
95
Chapter 10. General Discussion
aggregation. Constraints can be on both components and food items. Likewise, in
an RBA on food level or diet, both health effects associated with the components in
the foods as well as health effects associated with the whole food can be included in
the assessment.
Putting this thesis into an RBA context, this work falls under the food level
of aggregation applying the threshold method of comparison. Components in fish,
namely the nutrients EPA+DHA and vitamin D and the contaminants methyl mer-
cury and dioxins+dl-PCBs are considered and no evidence on direct health effects
associated with fish was included.
10.3 Applications
Possible applications of the models of this thesis can be divided into three categories:
1. Generate personalized dietary recommendations.
2. Provide evidence for development of current recommendations, such as FB-
DGs.
3. Evaluate current recommendations, such as FBDGs.
The models are promising tools for advising individuals on dietary changes that ac-
count for personal preferences. This corresponds to the first category of applications
listed above. However, the work of this thesis is in the development phase. Appli-
cations in real-life settings require further research, in terms of implementation of
the models, communication of the advice, and follow up etc. This will be further
discussed in the future perspectives section below.
As FBDGs should account for cultural and social acceptability [FAO/WHO,
1998; EFSA, 2010a], the developed models can provide additional knowledge on in-
dividual acceptability that may be useful for developing FBDGs. This corresponds
to the second category of application listed above. Furthermore, the models can be
applied to evaluate current population-based recommendations, i.e., the third cate-
gory in the list above. This involves analyzing whether FBDGs are compatible with
the model constraints on nutrients and contaminants. Comparison of FBDGs and
recommendations generated by the models of this thesis is also a form of evaluation.
In general, optimization models should be adjusted to fit the objective of the
application [Gazan et al., 2018]. The level of optimization, i.e. individual, subpopu-
lation, or population level, is one way to consider this. Another option is to modify
the flexibility of the model. The flexibility is determined by the nature of the elements
in the optimization variable. In this thesis, fish species, i.e., food items, represented
the elements of the optimization variable. Other options is to let food subgroups,
such as lean and fatty fish (as applied in Paper A), or food groups, such as fish, de-
fine the elements. Moving away from letting food items represent the elements of the
optimization variable reduces flexibility in the models. In Figure 10.3, we visualize
how decisions on the flexibility and level of application can be adjusted to fit the
objective of the optimization. As the models developed in this thesis apply food item
optimization on individual level, the generated advice falls under the Most flexible
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Food item
elements
Food subgroup
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Food group
elements
Optimization on
individual level
Most flexible
Most personalized
. . .
Least flexible
Most personalized
Optimization on
subpopulation level
...
. . .
...
Optimization on
population level
Most flexible
Least personalized
. . .
Least flexible
Least personalized
Figure 10.3 Flexibility and level of personalization of applications of diet opti-
mization problems. The elements of the optimization variable define the flexibility
and the level of optimization determine the level of personalization.
Most personalized category. A third option of adjusting the application, which is not
visualized in the figure, is to decide how many food items, and/or food subgroups,
and/or food groups to include optimization variable. Advantages and disadvantages
of whole diet optimization has been discussed in the section above.
For generating personalized advice, i.e., applying optimization on individual level,
it may be appropriate to maintain an as flexible model as possible, since this gener-
ates the most individual-specific results.
When generating, providing evidence for, or evaluating population-based FB-
DGs, it may be appropriate let food subgroups or food groups represent the ele-
ments of the optimization variable and/or apply optimization on population level.
A flexible approach may result in an advice that includes specific foods that contain
a high amount of some particular nutrients but may not be commonly consumed
on population level. Such advice could be unrealistic for the general population. An
option to deal with model flexibility is to let food items, food subgroups and food
groups be represented in the optimization variable [Barre´ et al., 2016]. Optimization
on population level has the average population as target and thereby creates one
solution for the whole population. This approach builds on the hypothesis that all
individuals in the population would consider one type of dietary shift as most accept-
able. As the FBDGs are aimed at population, this underlying hypothesis is probably
suitable for this purpose. As mentioned, optimization on individual level with food
items as element, as applied in this thesis, could provide additional knowledge on
acceptability that could be useful for providing evidence or evaluating FBDGs, but
should be regarded as an option for an additional analysis. This requires further
research on how to integrate individual level results with other evidence behind
population-based FBDGs.
10.3.1 Results of the Fish Intake Case
The Danish official FBDGs recommend an intake of 350 g of fish per week of which
200 g should be fatty fish [Fødevarestyrelsen, 2013]. According to DANSDA, the
compliance to this guidance is relatively low; about 15% of the Danish adult popu-
97
Chapter 10. General Discussion
lation meet the recommendation for fish [Pedersen et al., 2015].
The goal of the models of this thesis is to generate personalized advice for indi-
viduals, whereas the national FBDGs are aimed to the general public. Hence, the
objective of the developed models is different from the objective of the national
FBDGs. However, the results of this thesis suggest that the official Danish recom-
mendation for fish requires larger behavior changes than necessary, which may partly
explain the lack of compliance. This conclusion can be useful in future development
of the population-based advice for fish. However, the results of this thesis are only
based on the nutrients EPA+DHA and vitamin D and the contaminants methyl
mercury and dioxins+dl-PCBs. Furthermore, no evidence on health outcomes asso-
ciated with the whole fish is considered. Such evidence should possibly be included
in the models along with additional component constraints before the results could
be serving as evidence for the population-based fish intake advice. For this purpose,
it may be appropriate to apply a reduced flexibility, e.g., let the subgroups lean
and fatty fish represent the elements of the optimization variable, as was done in
Paper A. A population-based approach may also provide more useful evidence.
As for evaluation of the current Danish recommendation for fish, the results of
this thesis suggest that an intake of 350 g fish/week of which 200 g should be fatty
fish is expected to be healthy and not harmful, according to the model constraints.
10.4 Future Perspectives
The models developed in this thesis are promising for generating food-based person-
alized dietary advice. In this section, we address challenges and topics for further
investigation related to this work.
By minimizing changes in dietary patterns, the models generate recommenda-
tions that may be perceived as more acceptable by individuals as compared to advice
that deviate more form individual preferences. However, what is considered an ac-
ceptable change in food intake is not known. Predictions on the outcome of dietary
advice are dependent on better understanding of food choice [Leng et al., 2017; Nes-
tle et al., 1998]. Future research on consumer’s food choice can provide evidence in
favor of development of diet optimization models. As an en example, such evidence
may provide an indication of the objective functions that are more appropriate for
minimizing deviation from preference. In this thesis, we assumed that the QP ap-
proach generate the most acceptable fish intake recommendations for the Danish
adults in the target group, but this is just an hypothesis and needs to be tested in
a real-life setting.
The methods in this thesis are based on DRVs and HBGVs. These are set to cover
the variation in individual intake for the vast majority of the population. If data on
individual requirements become available, individual threshold values can instead be
used in the model constraints. This will allow further personalization of the recom-
mendations. People with e.g. lower individual nutrient recommendations would then
possibly be recommended a lower fish intake, which may be more acceptable. New
scientific knowledge on biological characteristics in relation to food consumption will
also enable targeting advice further and reduce the uncertainty of the results [Gib-
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ney et al., 2016; Ordovas et al., 2018]. As an example, common genetic variations in
genes have been shown to determine vitamin D status in Danes [Nissen et al., 2014].
Such evidence can be included in the models of this thesis, by adjusting the existing
contrarians and/or adding new ones.
The food matrix, i.e., the nature of the food structure and the nutrients therein,
determine nutrient digestion and absorption of a food. Hence, it may alter the
overall nutritional properties of the food. Studying the food matrix may imply a
different relation with health benefits as compared to single nutrients studied in
isolation [EFSA, 2010b; Thorning et al., 2017]. In a similar manner, chemical cock-
tail effects may alter the adverse effect of a food [Svingen and Vinggaard, 2016;
Kortenkamp et al., 2009]. It has increasingly been shown that several chemicals at
low doses can add up to cause adverse effects, effects otherwise not seen if chem-
icals were present alone or in small numbers. A future challenge of the methods
developed in this thesis is to integrate food matrix and toxicological cocktail effects
in the models. Today, some whole diet optimization studies have included nutrient
bioavailability [Barre´ et al., 2018; Deptford et al., 2017]. In relation to reduction of
meat intake, which is required in the French population to achieve more sustainable
diets, inclusion of bioavailability constraints generated recommendations advising
lower meat reduction as compared to when not considering bioavailability [Barre´
et al., 2018].
Several diet optimization studies have included environmental metrics such as
such as greenhouse gas emissions (GHGE), land occupation, and fossil use to in-
vestigate the improvement of diet sustainability [Barre´ et al., 2018; Horgan et al.,
2016; Tyszler et al., 2016; Kramer et al., 2017a; Vieux et al., 2018; Van Dooren
et al., 2015]. Fish consumption arise a significant trade-off between health and envi-
ronment [Gonzalez Fischer and Garnett, 2018]. Hence, it is relevant to expand the
methods developed in this thesis to consider the environmental dimension of diet
sustainability. The novel method for analyzing the optimal trade-off developed in
this thesis is promising for this purpose. The model of Paper C can in the future
applied to e.g. generate the optimal trade-off curve between food preference and en-
vironmental impact. This approach has potential for analyzing the optimal trade-off
between other dimensions of diet sustainability as well.
The models of this thesis, and diet optimization in general, may be useful for
studies applying RBA methods. Diet optimization that minimizes behavioral change
aims at generating the most achievable recommendations as possible, whereas the
overall aim of RBA is rather to compare or assess health impacts associated with a
shift in food consumption. The two approaches could be combined by letting diet
optimization be part of pre-assessment of an RBA, more specifically in defining of the
scenarios to be compared. An alternative scenario could be derived by minimizing
the deviation from the observed consumption scenario, subject to constraints on food
components such as nutrients and contaminants. Such an alternative scenario could
then for example be compared with the observed consumption. This would allow
to consider consumer acceptability, thresholds and possibly common or composite
health metrics in an RBA study.
Communication of personalized recommendations requires additional investiga-
tion. For example, if a generated recommendation suggests an intake of a few grams
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of a certain food item per week, it may be appropriate to translate such a recom-
mendation to for example a monthly advice. It could also be relevant to translate
recommendations in grams to pieces or portions. New technologies enable new op-
portunities for both generation and communication of personalized dietary advice.
Development of new technologies for diet assessment methods has been in progress
for a considerable amount of time and is still a in progress [Thompson et al., 2010;
Rippin et al., 2018]. Likewise, the development of new technologies and analytical
tools have played (and will continue to play) a key role for the development of per-
sonalized nutrition [Gibney et al., 2016; Ordovas et al., 2018]. Applications of the
models developed in this thesis can benefit from such new technologists and tools.
This requires future research.
An example of a future application is to create a software tool, e.g., a smart-
phone application, that individuals can use and generate personalized recommen-
dations as well as personalized trade-off curves between deviation from preference
and cost themselves. The tool could ask the user to insert amounts of currently con-
sumed food items, and to select which additional food items she/he could consider
for consumption. By application of mathematical optimization, the tool could then
generate a personalized recommendation that accounts for the individual’s inserted
preferences. If the individual would set too few foods she/he is willing to consume to
obtain a feasible solution, the software could ask the individual to select additional
foods. Data on preference regarding undesired fish species would have benefited the
analysis in this thesis, but no such data was available. However, if the developed
models are applied in a smart phone application, such data can easily be inserted
by the user.
10.5 Concluding Remarks
This thesis shows how mathematical optimization, specifically QP, can be applied
to generate personalized fish intake recommendations. Thanks to the multidimen-
sional property of optimization techniques, the models developed in this thesis can
integrate information on health related limit values derived from DRVs and HBGVs
to generate personalized fish intake advice that deviates as little as possible from
current individual preference. Such advice may be more relevant and acceptable by
individuals as compared to advice that deviate more from observed consumption,
since they require the smallest possible change in fish intake. By including constraints
for nutrients and contaminants in fish, both benefits and risks of fish consumption
are considered the models. Including individual intake data for background exposure
to the considered nutrients and contaminants is important for generating the best
fish intake recommendations.
A novel method for analyzing the optimal trade-off between personal fish pref-
erence and food cost was developed by means of a QP model which minimizes
deviation from personal preference and cost simultaneously. By step-wise increasing
the relative importance of the cost, individual-specific optimal trade-off curves be-
tween deviation from preference and cost can be generated. The optimal trade-off
curves give information on how much an individual has to deviate from her/his fish
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intake preference in order to reduce the cost. It may be appropriate to consider both
personal preference and cost when generating personalized fish intake recommenda-
tions, since both factors may affect consumer’s choice. However, no conclusions of
the relative importance of the cost can be drawn, as this is the subjective choice of
the individual consumer.
The models developed in this thesis can be applied for other or additional foods
than fish, or whole diets if desired. The models are promising for applications in
the personal communication of healthy and safe food recommendations that fit the
preferences of individual consumers. The models may also be useful for providing
evidence for the development of population-based FBDGs, especially regarding con-
sumer acceptability. Hence, in the future, there is potential to use these models to
provide tools and evidence for the ever-increasing interest in personalized nutrition
and public health globally.
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